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THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
science  and  technology  relating  to  aerospace  for  the  following  purposes: 


-  Exchanging  of  scientific  and  technical  information: 


m 
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-  Continuously  stimulating  advances  in  the  aerospace  „Jences  relevant  to  strengthening  the  common  deu.,„e 
posture; 

-  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

-  Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Committee  in  the 
field  of  aerospace  research  and  development; 
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-  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations 
in  connection  witli  research  and  development  problems  in  the  aerospace  field; 

-  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

-  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  devel  ment  capabilities 
for  the  common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representative,)  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Program  and  the  Aerospace 
Applications  Studies  Program.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 


if;"' 

pLi. 

it' 


Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  toorViZens  of  the  NATO  nations. 
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PREFACE 


The  Structures  and  Materials  Panel’s  Working  Group  on  Acoustic  Fatigue,  under  the 
Chairmanship  of  Mr  A.H.Hall,  has  for  many  years  been  organising  AGARD  support  for 
international  collaboration  in  formulating  and  resolving  problems  relating  to  acoustic 
fatigue.  In  the  year  before  this  Symposium  the  Working  Group’s  co-ordinator,  Professor 
B.L. Clarkson,  prepared  an  inventory  of  acoustic  fatigue  test  facilities  and  this  has  been  of 
great  assistance  to  specialists  in  giving  them  a  better  understanding  of  each  other’s 
experimental  observations  and  procedures.  In  addition  National  Co-ordinators,  appointed 
by  six  of  the  NATO  nations,  have  been  providing  basic  data  and  reviewing  the  preparation 
of  data  sheets  on  acoustic  fatigue  topics.  The  objective  of  the  present  Symposium  was  to 
bring  together  many  of  these  specialists  and  others  in  order  to  review  progress  in  the 
development  of  design  procedures  for  the  avoidance  of  acoustic  fatigue  and  to  discuss  the 
presentation  of  the  series  of  AGARD  data  sheets  Some  of  these  data  sheets,  published 
as  AGARDograph  162,  were  discussed  at  the  Symposium  and  others  are  to  be  issued  in 
1973. 

The  Symposium  revealed  that,  since  the  Panel  first  illuminated  this  design  p*-  '  -m 
some  years  ago,  considerable  progress  has  been  made  in  the  understanding  of  acoustic- 
loadings,  the  response  of  structures  to  those  loadings  and  the  methods  by  which  the 
integrity  of  acoustically  loaded  structures  may  be  assessed. 

The  panel  is  grateful  to  Mr  Hall,  his  Working  Group,  Professor  Clarkson,  The  National 
Co-ordinators,  authors  and  attendees,  for  the  high  quality  of  the  papers  presented  and  of 
the  discussion  which  ensued  from  them. 
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ALLOCUTION  D'OUVERTURE 


par 

Rene  LOUBET 

"AEROSPATIALE”  -  Bureau  d' Etudes 
Boite  Poatale  3153 
31053  -  TOULOUSE  CEDEX 


RESUME 


La  complexity  eroisaante  des  problemea  rencontres  en  particulier  dana  le  domaine  de  la  fati¬ 
gue  acouBtique,  conduit  a  un  grand  nombre  d'etudea  et  de  travaux  divers,  par  exemple  sur  lea  wateriaux  nou- 
veaux,  las  solutions  conatructives ,  lea  methodea  de  prevision, 

Ceoi  oblige  dans  lea  perspectives  actuellea,  elargies  par  la  cooperation  effective  entre  lea 
Nations,  a  un  effort  croissant  dans  le  domaine  des  contacts  et  de  l'expreasion  correcte  dea  beaoina,  d'au- 
tre  part,  a  un  effort  de  vulgarisation  des  methodes  et  raoyens  propres  aux  SpecialiBtea  de  la  fatigue  acous¬ 
tician. 


C’est  a  un  membro  franqais  de  l'Orgonisation  de  Cooperation  de  1'aOiUut  qu  a  etc  reserve  l'bon- 
neur  d'ouvrir  la  stance  inaugurale  des  travaux  du  "Symposium  de  Fatigue  Acoustique",  .le  m'acquitte  done, 
tres  volontiers,  de  cette  premiere  et  traditionnelle  mission. 

Avec  tout  autant  de  conviction,  et  cette  fois  au  ncm  des  Toulousains,  je  tiens  a  souhaitor 
aux  congreasiates  la  bienvenue  dans  notre  ville  qui  apprecie  cette  occasion  de  vous  accuaillir;  TOULOUSE 
que  l'on  qualifie  volontiers  de  Capitaie  franqaise  de  1 1 Abronautique  et  de  l'Espace,  puisqu'effectivement 
elle  poasede  la  majorite  des  Centres  Nationoux  Officiels  de  Recherches  et  d'Essaic,  les  grandes  Ecoles  for¬ 
mant  les  ingenieurs  de  I'aviation  et  qu'ello  est  le  principal  foyer  d'activite  de  pluaieurs  de  nos  grandes 
oocietea  dont  1' AEROSPATIALE, 

Bien  qu'aucun  d'entre  voub  ne  l'ignore,  comment  no  pas  6voqucr  ausoi  cette  histoire  si  riche, 
non  seulamont  de  "machines"  parmi  les  plus  nudacieuaes  un  leur  tempa  qui  aient  et6  eonquen  et  pilotees, 
maia  a"  i  d'horanea  et  d'ontrcpriaee  lfigondaireo  au  temps  des  premiers  pna  do  I'aviation  civile  at  juoqu'aux 
devoloppomento  que  vous  oavoi, 

TOULOUSE  a  oertec  den  lettrea  de  nobleaoe  plus  anciennes,  main  roconnaisBono  quo  so  aont  bien 
lea  envois  de  "CARAVELLE",  "CONCORDE"  et  trfic.  bientot  du  dernier  n6  "l'AIRUUS"  qui  consacrer.c  ou  “ont  con- 
naitro  cette  vocation  prootigioune  aux  yeux  du  aonde,  Ccu  momea  grands  nans,  en  c  ont  repart  i<j,  ob'iyan‘-  che¬ 
que  jour  TOULOUSE  a  se  montrer  digne  de  oon  pause,  digne  den  pocoibiliteo  actuelloa  techniques  et  iuduoWal- 
lea  dfijii  Glargieo  A  1  'ochclle  de  la  Cooperation  effective  entre  Europeans ,  en  attendant  plus ,  evolution  quo 
toua  coraprennont  et  que  oSmc  lee  plua  fid&leo  uu  passe  reconoaiauent  ccmne  n&ceusaire,  t ar.\  !«•  )>:nt’fi*f  sn 
eBt  Evident. 


Pour  en  ven i r  d  notre  sujet,  je  voudraia  souligner  eombien  cetto  tendance  A  la  coorerat ion 
effective  dea  firoec  et  dea  nations,  influence  lea  perspectives*  d'avenir,  Sur  le  plan  general,  les  projeta, 
hier  ir  4alioableo  aont  aujourd'hui  pousiblec  et  concrdtio6s.  II  y  t,  dans  le  ryttsme  du  progHio  et  dans  la 
carriere  1*  chacun,  la  mcme  discontinuity  que  dono  lea  moyeno  d’etude  et  de  production,  Lee  techniqueit  nuu- 
velleo  B'iapoaent  nombreufloi)  et  do  plua  en  plua  complexes,  faisant  groaair  et  proliferer  leo  femilleo  de 
sp^cialisto*.  Coreite  il  cot  eosentiei  de  contrSler,  d'orcheatrer  1' action  dco  speciallstes  en  vue  d'une  effi- 
cacite  optlaua  do  1'enaemble,  il  oe  po«e  une  question  eauentiolle  dc  liaison,  do  elarti!  de  langoge. 


Lea  denn^oe  de  travail  doivent  avoir  dea  bases  aolides,  les  erforts  doivent  roster  parfaite* 
meat  coordonuoa,  sane  que  l'initiative  soit  6toui'fee,  le*  ^changes  d'idSos  nombreux  et  efficsccs, 

Knfin,  ic  moment  venu,  lea  re.spoi.&ablou  disponent  tiu  r&uultat  de  recherches  ttentieo  parfoie  A 
dea  sillier*  de  kilocsStree  par  dee  bosses  isolija  et  qui  lc  restcraient  si  leur#  tr-.vaux  r.’avoient  j»a  eiS 
oriont.6*  et  ooapria. 


Pour  cela,  rien  ne  renplace  les  contact#  directs  et  leur  importance  va  done  on  croissant;  deu 
reunion*  comae  cello  quo  nous  allows  tenir  ici  en  foumiaseat  1' occasion,  il  faut  ir  euieir. 


eda. 


La  f  tigue  acouBt  ique  iiluatre  Lien  la  neceaaitc  d' in format  ion  r^ciproque,  condition  de  sue- 


Il  se  trouve  que  les  perspective,  en  nature  do  fatigue  acoustique  et  d' aviation  evil*,  - -nt 
larges  et  reiativement  prtSeiaes,  Lc  dfvoloppesent  dea  propulneurs,  dee  aatdiiaux,  des  foraules  nouvallee 
d '  apparei). « ,  fait  I'objct  dc  provisions  A  eoyen  terr.c  d6pourvues  de  r.ystvrfl,  C'eat  ainai  que  la  protect  ion 
contre  le  bruit  eat  le  grand  sujet  du  moment  et  cela  ne  peut  qu'accrottre,  je  suppoec,  I'isportance  de* 


Partii  lea  periipective*  que  jo  doia  Avoq"er,  la  plua  Lmportante  pour  noua,  est  probebiseent 
cclle  de  1' apparition  des  oatoriaux  nouveau* ,  en  particulier  lee  e«spo*U«»  A  base  de  ribree  de  carbooe  ct 
de  Lore, 

Con  front  6*  aux  ssatAriaux  claesiquea,  ils  vent  prendre  unti  place  grandiaiiantc,  cn  pcrmeUant 
un  gain  d*  voids  spoctaculaire  rur  le*  Structure*,  environ  ,3SS  pour  donner  un  ordre  d«  prandeur. 

Il  oonvient  done  d'epprofondir  leur  etude  en  fatigv.  couatique  pour  deux  raisons  principele* 
«t  4troitM8*nt  ddpendante*  t 


i-: 


D'abord,  parce  que  nanbre  a'applications  pirr.i  celles  do.ja  ter.teea,  eoncernent  preciseraent 
des  structures  sollicitees  en  acoustique.  Citons,  par  exemple,  lea  revetements  d'avion  V/STOL,  les  carena- 
ges  de  soufflantes  de  turbo-reacteurs ,  lea  gouvernes  du  type  elevon  dtavion  supersonique ,  etc**.# 

Kn  second  lieu,  parce  que  les  caracteristiques  dea  composites  en  fatigue  acoustique  aont  tout 
specia.lcment  interesaantes,  les  coefficients  d*  amort  issement  sont  bien  superieurs  a  ceux  des  elements  metal— 
liques  et  les  tnecanismes  de  rupture  en  flexion  se  traduisent  par  une  baisse  progressive  de  rigidite  plutot 
que  par  la  progression  de  criq"°s  macroscopiques. 

Au  stade  experimental  actuel,  on  est  nasse  de  la  plaque  a  des  elements  de  structure  assez 
importants,  tela  que  :  caisaon  de  voilure,  elevon  ccraplet  du  type  "CCCICORDK".  Sur  le  plan  theorique,  or  est 
oblige  d'appliquer  la  theorie  des  plaques  aniaot ropes,  les  modea  et  les  frequences  propres  etant  parfoia 
trea  differents  de  ceux  des  plaques  metalliques  isotropea*  Dans  les  bureaux  d'etudes  et  lea  usinas,  on  abor- 
de  aerieusement  la  phase  experiraentale  qui  doit  permettre  l'avenement  d'une  nouvelle  gamme  do  produitB  au 
stade  de  la  production,  dans  la  periode  dea  cinq  prochaines  annces, 

L' importance  des  travaux  que  meritent  cea  materiaux,  est  aussi  accrue  du  fait  des  longcvites 
de  plus  en  pluB  elevees  que  l'on  demande  aux  const ructeurs  de  garantir.  Ceci  suppose  connns  les  resultuts 
d'essats  d'endurance  represent  at  lfs,  compte  tenu  non  seulement  des  sollicitations  meeaniques,  mais  aussi 
des  effete,  "temps  -  temperature"  ou  autres,  rencontres  en  exploitation.  On  sait  que  les  metaux  se  pretent 
en  gencr,,!  ,  a  une  importante  contraction  des  temps  d'essai,  moyennant  par  exemple,  une  elevation  de  tempe¬ 
rature  . 


les  materiaux  organiques,  a  priori,  ne  respectont  pas  lea  memes  lois;  seuie  une  experimenta¬ 
tion  rigour  euse,  parfaitement  controlce,  pourra  repondre  4  ce  genre  de  questions  si  elles  sont  bien  poseos 
par  lea  vraia  interesaea  et  6viter  du  memo  coup,  a  plus  ou  moins  long  terae,  des  deboires  ruineux, 

Nona  pouvor.s  evoquer,  a  cette  occasion,  cctte  difficult/*  permanente  req.eontrfie  en  fatigue, 
et  encore  plua  en  fatigue  acoustique;  je  veux  parler  do  1 1  imprecision  des  calculi;,  dea  regies  de  cumul  et 
bien  sur,  des  r^aultata  experimentaux.  Ceci  eat  la  consequence  de  la  ccmplexite  duo  charges  et  de  leur  ca- 
ractere  al.eatoire  et  des  conditions  d'eusaia  en  general  :  il  y  a  vu;  art  de  la  fatigue  acoustique,  a  cote 
le  la  science. 


LorGqu'on  est  prease  d'obtenir  un  reoultat,  il  n'em  pas  rare  qu'on  acceptc  un  certain  nots- 
bre  d'hypotheses  aimplificatrices  sur  'ea  spectre#  d'uxcitaticn,  lea  dimensions,  let  conditions  aux  iiaite# 
de  I'eprouvette ,  etc..,,  En  outre,  on  oajore  1' intensity  dea  charges. 

Kalgre  les  precautions  prises,  le  resultat  eat  contestable  en  vnleur  ubuolue  surtout  ai  l'e- 
prouvetto  est  coavpliquSe.  S'il  s'ugit  de  tree  longs  eaanis,  l'crrcur  relative  aur  l'enduranee  due  il  un  de— 
fnut  global,  ou  local,  du  spectre  ou  de  I'eprouvette  tend  4  c  roll  re.  bV.e  eontrainte  real duello  d'usinage  ou 
de  foroage  peut  avoir  des  eonaequencea  dottMwinnntea.  T1  eat  toujour*  plua  ou  taoina  difficile  de  fairs  w. 
bilan  coaplct  dco  causes  4'erreurs  et,  souls  dea  caaaia  cociporatifs  jieuvent  analyser  lea  jroblSeea, 

1  y  a  benuco  ij>  1  fairs  pour  cvitrr  '  decent  ions  dans  ce  domain?  puiaque  lea  aoyena  theo- 
riqueo  et  pratique#  existent,  'Vue  pcut-cn  Attend)*  d'une  methods  dwmf'e,  tie  telle  inafallat  ion  d'essai  ? 
t«  jeuite  science  des  aoliicitations  <u  dee  rSpae.ses  acouatiques  n'a  pea  encore  i.tlcint  son  plein  »;ranouis- 
eetsent,  lea  publications  du  type  AGANDCOKAill  apportont  un  elCEenv  de  rigucur  mi*  a  la  foii.se  d'uti  plus  grand 
noebre,  dans  un  esprit  tie  synth? so  et  de  caspreheiislon, 

•T«  souhaite  fi  tous,  pour  terminer,  do  t mover  dans  ?»  Ceor.rds,  la  reinsure  aceasic"  do  «»•'- 
liberation  officace,  «n  e*pr:«ant  leurs  besoina,  lours  possibilitf's,  leura  cw»elu»i«i»,  poor  un  reniesent 
aecru  de  nos  efforts. 
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SUMMARY 

A  method  for  calculating  the  near  field  noise  level  of 
a  free  jet  (without  ground  effect)  by  means  of  a  modified 
Lighthiil  theory  using  measured  reference  sound  fields  will 
be  explained. 

The  shortcomings  of  the  reference  fields  used  to  date  as  well 
as  means  to  eliminate  thorn  will  *'e  shown.  In  addition,  a  possi¬ 
bility  for  determining,  w  th  sufficiently  good  practical  accu¬ 
racy,  the  frequency  spectra  in  the  near  sound  field  by  nwans 
of  a  modified  Strouhai  number  will  be  described.  Then,  the 
validity  of  the  “modified  Lighthiil  theory”  will  be  proven  by 
me,.ns  of  two  greatly  differing  engine  jets. 

This  will  be.  followed  by  a  discussion  of  comprehensive  measured 
data  of  “wall  jet  sound  fields*1  {sound  fields  of  an  engine  let 
directed  vertically  towards  Hie  ground)  and  the  influence  of  the 
essential  parameters  affecting  the  sound  field,  Thu  Pleasured 
results  w*ll  also  be  compared  to  the  calculations. 

Ami  finally,  it  win  be  demons trated  on  the  V/STOL  aircraft; 
UORJJIKR  Do  31  that  the  ground  effect  can  lead  to  a  considerably 
increased  noise  level,  and  that  the  calculation  method  yields 
good  maetical  results,  even  :ith  a  relatively  complicated  system 
of  engine  jets. 


Many  novel  pvdb 'emu  are  encountered  :n  the  VTOJ.  aa  coeparvd  to  the  .dTot,  tcchotgiKi, 
of  which  the  noise  problems  .  of  singula:  importance. 

U  *'  >ch  more  noifie  energy  is  radiated  en  account  of  the 
i  tavalled  high  engine  power  required  for  vertical 
take-off  and  landing. 

2)  Due  to  the  md  influence  the  noise  levels  can 

ccnsl der ah ; v  increase  sn  the  near  field,  i.e.  Within 
reach  v«  the  a:  rfrarae,  during  fake- of f  and  landing, 

*a  found  with  the  Cornier  fce  31  Tig.  $} .  that  noise  fatigue  failures  occufed  within  a 
very  short  tlcse  on  the  airframe. 

therefor  i*  is  important  for  the  project  and  design  engineer,  to  know  such  loads  at  as 
early  date  to  ensure  a  fail-safe  il-sS^n  Of  the  airfrasse  with  respextt  to  noise  fatigue. 

A  practical  method  for  estimating  the  noise  levels  on  the  airf tame,  which  also  takes  the 
influence  of  the  ground  into  account,  is  needed  for  that  purpose . 


hues  jl. 


«u  a  aowii-ewjsi  ric  sat  thod  for  the  cal  col  at  inn  of  the  noi  an  of  a  free  v.n  dis¬ 

turbed  engine  jet.  This  rothed  is  based  cn  the  Lighthiil  theory  f.J  which  states  that  the 
tctal  radiated  noise  energy  of  sn  engine  jet  is  proportional  to  the  eighth  power  of  the 
jet  velocity, 


For  the  noiso 
the  Lighthiil 


i:- tensity,  which  is  proportional 
formula 


to  the  quadratic  mean  of  the  sound  pressure. 


■  v 


This  formula  however  is  only  valid  in  the  far  field,  which  is  of  relevance  for  the  pre¬ 
sently  much  d-scussed  noise  pc  lution  and  of  special  interest  in  the  VTOL  technique  [2]. 


We  assume  this  formula  to  be  valid  for  any  point  within  the  near  tield  if  the  velocity 
exponent  is  a  function  of  the  location. 

We  say  further: 

The  noise  fields  of  two  engine  jets  with  different  nozzle  diameters  are  similar  to  each 
other.  The  law  of  similarity  is  the  modified  Lighthill  formula. 

The  velocity  exponent  is  the  same  at  3ame  nozzle  diameter- related  locations  (Fig.  2). 

If  the  noise  field  and  the  velocity  exponent  field  of  a  so-called  reference  engine  are 
known,  unknown  noise  fields  of  engine  jets  can  be  determined  using  the  following  equation: 


U  *  L’  +  lOlog,, 


-ik  aok'yaok'  ■ 
p;j  a;-(V/a;)N’ 


Calculations  with  the  available  reference  fields  of  a  Rolls  Royce  Avon  engine  and  the 
fields  given  in  the  RAeS  data  sheets  sometimes  showed  noise  levels  which  deviated  so 
much  from  the  measured  ones  as  not  to  be  acceptable  f~r  practical  purposes  (•>  12  d8)  .  The 
deviation  of  the  velocity  exponents  of  these  two  reference  fields  made  even  the  similarity 
theory  questionable  (Fig.  3). 

In  order  to  solve  this  problem,  we  performed  tests  on  two  extremely  different  engines, 
Marborfe  and  Orenda  [3J,  [4]. 

A  tost  rig  was  built  for  the  Marbore  engine  (Fig.  41  which  allowed  both  free  jet  and  wall 
jet  investigations  to  be  carried  out,  ail  relevant  parameters  having  been  varied.  The 
noise  measurements  on  the  Orenda  engine  were  performed  with  an  existing  ground  erosion 
test  rig  (Fig.  5).  A  total  of  8  free  jet.  noise  fields  at  H  *  6  m,  and  20  wall  jet  noise 
fields  wore  measured  (H0/D  of  3  -  28). 

It  could  be  lemons tratea  with  the  free  fluid  measurement  that  the  lav  of  similarity  is 
nevertheless  valid.  For  both  engine  jets,  Marbor&  and  Orenda,  the  velocity  exponents  X  at 
equal  R/0  (Fig.  3)  ape  the  same: 


The  analysis  of  the  frequency  spectra  (Fig.  C 1  showed,  that  despite  the  relatively  great, 
notile  plane  height  of  8  n  from  the  ground  a  r»ui».euo«  influence  was  still  present 
the  measured  free  fields.  The  overall  sound  pressure  fu  Ul  of  the  Orenda  engine  could  hbw- 
r«s  easily  be  corrected  by  iteration  to  an  aiiaolutc  free  field.  And  introduced  40  a  nov 
re fei  t  ."•■'«  field. 

“he  cottar sacn  svf  the  measured  fields  with  those  calculated  by  .sxtan»  of  nw*  Tsfe.rufice 
fields  showed  that  the  .•fiaxisvus?  deviations  in  tne  noise  leva  in  of  these  e*t  rase  i.y  «.l  f  fe  rent 
engine  jets  fHarbotst/Orendal  amo-cn t  to  less  than  3  da  (Tab .  ii< 

This  now  al  iovs  the  eal*"  dhtlon  »?  the  CASVi.  fields  of  f  re  -  lets  with  an  a  ecu :  gey  suffi¬ 
cient  for  practical  purposes. 

In  principle,  it  should  also  qcv  h»  t  •'  -detersune  the  frequency  Spectra  in  this 

way  by  saeas.s  of  one  third  octave  eoun pressure  ie  v»  5 .  re  feiw.ee  fiejsis.  However,  ns  can 
easily  be  show:-,  it  la  got  jiossible  to  detvritin«  the  influence  of  the  nossie  tUaaat«>r  cm 
the  i fegvkenc-y  distribution  In  this  way. 

Therefore  It  is  #4vi  sable ,  and  aian  «©re  «CtWbSi«*s»l .  t.o  Platt  fspi*  sisv  loenai&v*'  1  refe¬ 
rence  IJietUS.  A  §t*'X>ubal  BUKber  RiC.3,5  fled  by  v.  C 1  e rhe  proved  to  the  fN&§t  useful 

transfer  functions 


m  ■ 


The  .spent re;  first  however,  had  to  bo  corrected  to  pure  free  jet  spectra,  part  of 

the  Fissured  spectra  contained,  as  n<°nts c-ned  Above.,  r-nsi derabie  ground  reflection  t- r. - 

f  i veil co*. 

The  correction  of  the  ov-erai:  n-Ods©  lsvoi  was  reiati  vejy  simple.  ^he  ajj-ev.-iuh,  however , 
Csatnet . be  ce-i  reef  ed  sn  this  way  The  procedure  given  by.  HscSl  4  ThoMs  |a)  ,  which  allows 
a  correction  by  weans  cl  the  *\itoc©rr«:**»w'  f on.- t 1 00 ,  cannot  be  ejspS  ryed  here  «■!*>.•»: . ,  as 
it  4*»d*«8»  a  spherosywsetri c  noise  pi-of>agat  1  >n. 

Tfils  »**•', !*pt  i  on  can  be  rxa.de  for  crest  distance's  fro-s-  the  nose  In,  hut  not  for  the  ne.-rr 
field  because  of  tha  harked  directional  characteristic  of  the  let  nets?:  fiol  f. 


However  by  introducin':  a  pceitioh  f  •..icticn  f  ;«)  which  contains  the  direction*;,  •'.fiaric:  #- 
ristlc,  this.  proved)-' ft  can  also  b*  used  for  the  near  field,  «v«A  if  there  ; «  >0  *pV>  rv- 
nytwaetry : 
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with 


AL  [dBl  =-  10  log 


14  Z  +2z 


;  sina^y-  i  1 

- i  cosB  AS 

AR  I" 

\  °  T7 


fU) 

z 


and  £(-„’)  = 


(5) 


(6) 


Using  the  correction  curves  (Fig.  7)  the  measured  frequency  spectra  can  now  be  corrected 
to  the  pure  free  jet,  and  nondimensional  reference  spectra  can  be  established  for  any 
point  of  the  near  field,  on  the  basis  of  which  the  frequency  distribution  of  the  calcu¬ 
lated  OASPL  can  then  be  determined. 


WALL  JBT 


The  noise  field  of  an  engine  jet  directed  vertically  towards  the  ground  is  completely  dif¬ 
ferent  from  that  of  a  free  jet.  in  its  overall  level,  as  wall  as  in  the  directional  charac¬ 
teristic  and  the  frequency  distribution. 

In  the  case  of  an  engine  jet  directed  vertically  towards  the  ground,  the  noise  level  is 
essentially  composed  of  three  parts  (Fig.  8): 

a)  the  direct  free  jet  noise 

b)  the  groun^-ref lecti  oise 

c)  the  noise  generated  oy  the  turbulent  area  on  the  ground. 

As  tests  with  the  wall  jet  revealed,  the  noise  generated  by  tl.  turbulent  area  on  the 
ground  is  only  of  siqnifjcance  for  high  jet  velocities  if  the  height  of  the  nozzle  plane 
above  the  ground  becomes  H^/D  <  5,  i.e.  if  the  jet  core  is  cut  by  the  ground.  Such  a  low 
nozzle  plane  height  ab  the  ground  in  connection  ’.ith  high  jet  velocities  however  is 
not  practicable  in  the  .TOL  technique  for  many  reasons  (e.g.  recirculation,  ground  erosion}. 

'’’he  main  part  of  the  level  increase  for  wall  jets  is  thus  to  be  attributed  tt  ground  re¬ 
flection. 

The  measured  wall  jet  noise  fields  show  particularly  in  case  of  great  jet  velocities,  a 
marked  noise  level  increase  in  direction  of  the  reflected  maximum  propagation  of  -he  free 
jet  noise  field  (Fig.  9).  The  reflected  noise  can  be  simulated  by  an  imaginary  noise  field 
equal  to  and  mirrored  by  that  of  the  free  jet. 

This  allows  the  application  of  the  calculation  method  explained  above  without  modification, 
simple  by  superimposing  the  noise  levels  of  a  mirrored  free  engine  jet  on  the  free  field 
noise  levels  of  the  real  jet  (Fig.  10).  The  comparison  of  the  calculation  with  the  meas'.^e- 
ment  proves  that  the  wall  jot  noise  field  can  really  be  calculated  in  this  way  if  Hr- '.j  >  5 
and  assuming  a  rigid  reflection  surface  (e.g.  concrete). 

All  measured  wall  jet  fields  were  calculated  for  all  Mp/O  at  the  highest  and  ’.oweer  jet 
velocity  and  compared  with  the  test  results.  The  maximum  deviations  between  measurements 
and  calculations  were  in  all  cases  less  than  t  3  dB. 


A  major  result  of  the  parametric  investigation  was  the  fact  that  with  nigh  jet.  velocities, 
level  inernas  of  more  than  18  dB  within  the  range  of  the  airframe  can  occur  on  account 
of  the  ground  influence. 


This  means  that  in  practice  •■'■'ise  fatigue  failures  can  occur  !>•  a  very  shoit  time.,  i.f  for 
example  a  free  field  noise  1  ,vel  of  145  dB  were  used  as  desio,  parameter  for  tne  structure, 
without  taking  the  ground  influence  into  account.' 


The  frequency  spectra  in  the  wail  jet  noise  field  can  nisj  bo  determined  by  supev imposing 
the  free  direct  and  reflected  sound  (Fig.  11).  The  invef ciyati ons  show  that  apait  from  the 
r  normous  level  encrease,  the  frequeryy  spectrum  is  als'-  displaced  m  direction  of  the 
structural  resonance  frequencies  of  conventional  nlrc’aft  skin  panels.  The  ground  reflection 
influence  thus  has  a  doubly  negative  effect  with  ros'  act  to  noise  fatigue. 


Finally,  it  (s  illustrated 
jot  the  calculation  method 
practical  purposes.  In  the 
maximum  deviations  between 
(Fig.  12). 


by  means  of  the  homier  Do  31  that  even  with  more  than  1  engine 
still  gives  good  icsul's  which  are  sufficiently  accurate  for 
case  of  the  Do  31,  tin  re  are  16  jets  in  all,  and  even  here,  the 
measured  and  caiculn* ed  levels  were  not  greater  than  i  3  db 
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LIST  OF  SYMBOLS 


cx 

[m/s] 

speed  of  sound 

D 

[m] 

jet  diameter 

f 

[Hz] 

frequency 

H 

[»] 

hight  above  the  ground 

j 

[kp/ms] 

intensity 

K 

[-] 

Ligh thills- const ant 

L 

[dBj 

sound  pressure  level 

N 

[-] 

-•elocityexponent 

OASPL 

overall  sound  pressure  level 

P 

[kp/mJ] 

pressure 

R,  r 

M 

radius 

SPL 

IdB] 

1/3  oktav  level 

T 

t°Kl 

absolut  temperature 

V 

[m/s] 

relative  jet  velocity 

X 

[m] 

wave  length 

0 

[kpsVm1*] 

density 

INDICES 


n 

n 


F 


k 

M 

r 

o 

1 

j  i 


direct 

ref.  to  the  nozzle 
in  the  free  field 
1/3  oktave  number 
Jet  number 

ref.  to  the  microphone 

ref lecv’d 

ambient 

in  the  expat. ■’et  jet 

ref.  to  the  reference  field 
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DYNAMIC  LOADING  OP  AIRCRAFT  SURFACES  DUE  TO  JET  EXHAUST  IMPINGEMENT 
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SUMMARY 

High- lift  wing  concepts  being  considered  for  application  to  ccssaorcial 
STOL  transports  are  discussed.  The  flow  patterns  which  produce  dynamic  loads 
on  these  wings  are  indicated.  Measurements  of  surface  pressure  and  acceler¬ 
ation  on  a  one-half- scale  model  of  an  externally  blown  double- slotted  flap 
are  reported.  Root-mean- square  values,  power  spectra,  and  scaling  param¬ 
eters  are  shown. 


SYMBOLS 


Root-mean- square  value  of  acceleration 
Diameter  ■  Y  bypass  nozzle 
Frequency,  Hz 
Acceleration  of  gravity 
Mach  number 


«n 


Generalized  maos 


'Jra5 

Fo 

U 

%(?) 
«(r,  V 

$(r, 


msOOUCTXlHi 


Root -mean -square  value  of  pressure 
Dynamic  pressure 

Position  vectors  of  points  on  a  structure 
Velocity  of  cor  a  Jet  or  simple  circular  Jet 
Normal  mode 
Damping  factor 

lover  spectral  density  of  displacement 
One-ihtrd-oetav*  band  power  spectra  of  deceleration 
One-third-octave  band  power  spectre  of  surface  pressure 
Cross  power  spectral  density  of  surface  pressure 
Frequency,  radian /sec 
Natural  frequency 


the  powered  lift  sysla#*  presently  being  considered  for  use  on  etBimlftl  8R&  vehicles  obtain  *84i» 
tional  lift  by  deflecting  the  flew  of  a  J«t  exhaust  with  on*  or  nope  turaihg  flaps,  Frr  tSase  -gyetefta, 
large  areas  or  the  wins  and  flap  art  teamed  within  th*  turbulent  flow  of  the  Jet  exhaust..  Consequently, 
these  surfaces  are  exposed  to  high- intensity  dynamic  loading#  which  have  the  poteatial  of  Inducing  high 
vlbratlvn  levels  and  sonic  fatigue  in  flight-wolght  alrsraft  structures,  “he  loading*  *r«  raivftw  la 
nature  and  ncnunlfonaly  distributed  due  to  the  complex  flow  patterns  v*  ieh  fore  around  the  flaps,  Vary 
little  inforaatlon  Is  available  on  the  prejpcrtica  of  these  loads,  Hence,  It  is  difficult  for  th*  attve- 
turtl  dynast cict  to  design  optimal  flap  ay  sites. 


The  present  paper  will  first  point  cut  s<*e  of  the  high-lift  vlng  concepts  under  croslderaUob 
arid  the  principal  features  of  their  associated  flow  fields  for  Use  purpose :ef  indicating  the  diversity  iff 
loading  actions  and  structural  arrangwsent*  encountered  in  the  flap  Iced*  problem.  Than,  sums 
SMMdti.  of  surface  pressure  and  acceleration  «a  a  One-half- scale  model  of  an  aurally  blown  double- 
slotted  flap  are  presented.,  fioct-uean-squaro  value*,  power  spectra,  and  scaling  parameter*  arc  dlacussai 
for  the  loads  and  response. 


l«gley  Directorate,  U.3.  Aruy  Air  Mobility  H  l  3  Laboratory. 
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HIGH- LIFT  WING  CONCEPTS  AND  ASSOCIATED  FLOW  FIELDS 

Several  high-lift  wing  concepts  being  considered  for  lilt  augmentation  on  STOL  aircraft  are  shown 
in  Figure  1, 

For  the  conventional  jet  flap  and  the  augmenter  wing  rhown  at  the  left  of  the  figure,  air  is  ducted 
from  the  engines  to  the  wing  where  it  is  exhausted  at  high  'ressures  ar.d  velocities  through  a  slot  in  the 
trolling  edge.  For  the  conventional  jet  flap,  the  Coanda  effect  causes  the  lower  part  of  the  flow  to 
attach  to  the  flap.  The  upper  portion  of  the  flow  will  mix  with  the  ambient  air  in  the  manner  of  e  free 
jet.  For  the  augmenter  wing,  the  slot  exhaust  is  confined  between  upper  and  lower  set  of  flaps  which 
direct  the  flow  downward. 

In  contrast  to  these  arrangements,  the  high-lift  wings  in  che  right  of  the  fifpAre  use  low-vslocity 
air  directly  from  the  exhaust  of  a  lov-pressure-ratic  fan  engine,  ''or  the  &xt„. iw-lly  blown  flap  concept, 
the  exhaust  Jet  impinges  on  several  flaps  which  redirect  most  of  the  flow  downun-.-,  nut  allow  some  air  to 
pass  thr  ugh  slots  and  spread  over  the  upper  flap  surface.  For  the  upper  surfa.  v>  Mowing  concept,  shown 
here,  lie  flow  would  attach  to  the  upper  surface  of  the  wing  and  be  tu-- \-d  ,ovnv.trd  with  the  aid  of 
several  flaps. 

The  principal  sources  of  the  turbulent  pressure  fluctuations  vhich  generate  dynamic  toads  on  these 
high- lift  wing  systems  are  the  Jet  exhaust  including  upstream  turf  ..-."nee  and  turbulent  mixing  and  boundary 
layers  on  the  wing  and  flap  surfaces.  Since  the  flaps  operate  at  high  angles  of  attack  during  landing 
approach,  separated  flow  may  also  occur.  Aa  a  result  of  the  diversity  of  configurations  and  operating 
conditions,  these  sources  of  pressure  fluctuations  oceur  in  various  comb ' nations  as  shown  in  Figure  2. 

For  the  externally  blown  flap,  the  lower  surface  of  the  wing  and  the  flaps  are  exposed  to  the  turbu¬ 
lent  mixing  region  of  the  Jet.  If  the  flaps  we  sufficiently  close  to  tin-  jet  exit  clone,  pari  of  t;u- 
flap*  will,  be  impinged  by  the  Jet  core,  flaw  over  the  flaps  say  become  separated  producing  iocalitrd 
regions  of  intense  fluctuating  pressures. 

For  the  conventionally  blown  flap.  >uvi  some  upper  surface  bloving  configurations,  the  Jet  core  attaches 
to  the  upper  surface  of  the  wing  and  flaps  producing  ft  region  of  relatively  lev  turbulence  directly  is 
contact  with  the  surface.  •  If  the  core  region  terminates  on  or  reparation  away  free  the  surface  ahead  of 
the  trailing  edge,  as  may  occur  on  a  sufficiently  long  flap,  the  aft  portion  of  the  surface  will  be  exposed 
to  a  different  type  of  flow  which  experiment  indicates  involves  significantly  higher  turbulence  levels. 

The  trailing  edge  itself  i«  the  interface  between  a  bouihiary. layer  flow  ar.d  a  free  mixing  region.  Ilia 
transition  in  flow  regimes  at  this  point  say  tie  u  significant  .source  of  fleetest  tag  loads. 

Tims,  each  of  the  high-lift  wing  concept#  has  a  number  of  sources  of  turbulent  pressure  flue tuat loss 
uho«#  relative  importance  will  vary  with  the  specific  geoatrtry  and  vibrating  condition®  Considerable 
research  is  required  before- a  quantitative  understanding  »(  ■*'*  associatisK!  dyr.esic  '.yad' pattern?  is  achieved. 

mnv  . 

the  flow  field  which  rt«!U  «-.yn  a  fluid  jet  e«  a  .solid  surf tie  is  h(to«n  a*  »  'VaU  jet." 

ffpiiscquwi.iy,  thr  flow  fields  si-nurl  wing#  are  v»U  Jet*  of  varying  desrebp  of  swap  lastly.  the 

UlerttsW  oo.  wall  Jets  U  extensive.  A  bib  l lography  u-.S  review  of  users  >«*  thr^wb  I'-n-r  i*  centslcbd  in 
Ssfurenee  I.  ottwr  papers  »}  ui  wadi  jets  asd  *v**>  related  studies  fcigh-Uft  are  et>*«  ■ 

Ulna!  In  References  ?«IU.  The  wsrh-  <»  wall  Jet  flew  fields  i#  prlaarily  with  »e an  and  tu.rb.wVer.  I 

vtllecity  prefile*,  ahwxr  d  1*1  rt  but  sorts,  add  tnrWl.sbe.s  Inter-#!  tie?,  and  seals.#.  $m/>'  #t  th®  re-sent  st«-Ue« 
cn  high-Uft  ving»  hftim  veer,  scncert  t  with  the  netge  that  Is  prt^9Ct>>  by  *#8ft  fir*  ?leJ4*.  thMreil-ial.- 
•*ft4  experift-enta!  investigations  of  the  Intensity,  dlsirSbut It-?,,  x&A  of  turbulent 

en  sur.fa-iss  t*pl«g*4  by  os'-  cor-talnc-d  ip  Reference?  4.,  1,  fend  I®,  Sat*  are  twt-age-r  and 
gcusraliy  have  net  been  taken  with  the  needs  or  the  Hrws*«?Ai  4yn9»tblsi  er  tin*  SffV  'Pads  pruhlen t  ir,  stir*?. 
Calculated  and  twasurv-d  nes^r-ees  #f  a  eUjtpi?  panel  v<s  Jet  t*plftgs*«xt' l®*4#  hr*  nrs*e«i-4  in  feforenee  li. 

mssatu  sim  mr  tws 

test  iktcp  ar.d  iidtm-entat.b;-:- 

tfs»scrtft,«rt?  of  fVedtjaattmg  surface  pressure  *m  *e#«5«r*Mfth  were  abt.-visw#  «t,  *  partial  *M»  ftwtdei  re"- 
dMibl.**  a  Sotted  eirterr.ii.Hy  Mown  flap.  The  «sham  va?  t!»aia t«4  with  *  sU'-to-oae  byr^sr  ratio 

nestle  using  air  at  **hi*il  Figure  5  Is  a  phpt'usrftjtfs  <>?  the  last  ,arrs»gef(.ert  Flgd*-#  i>  t* 

tt  cross- te-atlcrs!  sketch  taker  5r;  a  bl«x>  UwMgb  the  jet  esJnwsi  shd  »w«l  to  the  w*.sg  plane.  jtsrsng  the 
teste,,  the  first  and  sc-cmd  ria)»3  were  -Jefie-stej  at  angles  of  $8*  w$  tV.  >,  r«#r»etiv6iy,  tc  the  wji«4  chord 
l lift.  In  Mil#  pe-sitiea  the  care  *f  the  l.rScr  eirselftr  jet  i suing#*  *cAr  the  leading  «sg#  «f  the  *««s4 
flftp.  tests  were  eaxHeted  »t  emr*  jet  x*«h  nsshi.ers  of  c.  vf,  h-tl,  *xi<t  Uf»,  n-sre  Kut  tm&eet. 

were  trot  ftc-abured  values  of  the  r.o.ssle  pressure  rstlu  and  hr  thr  Seyttn.'  ds  auwhert 

cft-1  *  I’Ci  *  9*7  v  If®,  1?. 5  v  15>*,  af»d  l«-9  *  16%  reepectlvely,  feasH  up  the  ilewter  ef  the  hyp*#* 
r>s-ss5e. 

the  span  ef-th*  aw4#l  was  ?.?i  tj.  vsth  fluj-s  the  -»wdr5  chord  is  ?.<£  a  l-ft;  In.  S. 

ft*  chord  cf  thr  first  «h3  ti>z <s?vS  flaps  Ik  C-.u.t  a  T?3  In.  5  and  fhvi  *  l*,},  The  di.a»o:ter 

-f  tit*.  W«  tg&ftlc  5s  O.JStf  so  {3  in.  5  and  the  asWr  dltt&ter  of  the  fsyy*##  hc-sile  is  O.’yt  is  fpt  in,  1, 

As  ct.-nwr,  In  JSgus-c  i,  nine  surface  pressssre  trans-dusrrs  vw  flush  mcntUto-d  in  the  flay  arss  -wlsy;  tkir.x 
to  toeasure  fSw-clufttlng  surface  pressures.  An  «ec«l«r«ti*ter  tm#  *na»»t»d  wilht A  'lte»  teesnd  flay  t-c  K-cssure 
vJbrfttiCft  le-,  els. 
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The  model  is  constructed  of  heavy  gage  sheet  metal.  The  flap  skin  panels,  supporting  .lb  structure, 
and  skin  mounting  brackets  are  0.23  cm  (0.09  ir.. )  steel  plate.  The  accelerometer  was  placed  wit'  a  the 
stCw'ri  flap  about  one-third  chord  back  from  the  leading  edge  cn  one  of  the  outer  skin  mounting  brackets. 

The  tests  described  here  were  conducted  at  the  Lewis  Research  Cento-  by  R.  G.  Dcrsch,  W.  J.  Kreim,  Mid 
W.  A.  Clsen  as  part  of  NASA's  STOI.  technology  development  program.  Further  description  of  the  test  arrange¬ 
ment  and  the  results  of  noise  measurements  are  given  in  Reference  12. 

Surface  Pressure  Intensities 

The  distribution  of  th'  values  of  the  fluctuating  pressure  coei't  icient  over  the  flaps  io  shown  .a 
Figure  %  Thssi  values  are  the  root-mean- square  values  of  surface  pressure  normalised  to  the  dynamic 
pressure  q  calculated  from  core  Jet  exit  velocity  and  ambient  density.  Tills  type  of  normalisation  with 
respect  to  dynamic  pressure  has  beer,  used  (for  example,  in  Hefs.  10,  13,  lk,  ar.d  13)  for  various  types  of 
flow  induced  fluctuating  loads.  Although  measurements  of  the  local  dynamic  pressure  and  local.  staHc  pres¬ 
sure  at  each  transducer  would  have  provided  further  insight  into  the  detailed  development  of  the  flow 
field,  these  quantities  were  not  oea  ured.  Therefore,  it  was  convenient  to  use  the  simple  normal Station 
based  on  Jet  exit  dynamic  pressure  which  is  compatible  with  other  researchers. 

Values  of  the  fluctuating  pressure  coefficient  remained  essentially  constant  for  all  four  Jet  velocities 
at  any  transducer  with  the  exception  of  the  one  transducer  near  the  leading  edge  on  the  lower  surface  of  the 
second  flap.  At  this  transducer,  the  value  of  the  fluctuating  pressure  coefficient  ranged  from  0.0-66  a-  r. 
core  Jet  Kach  number  of  0  32  to  0.126  at  a  Mach  number  of  1.09*  -This  behavior  may  result  fr<xt  the  impinge¬ 
ment  of  the  core  of  inner  Jet  on  the  leading-edge  portion  of  the  second  Map. 

The  lowest  values  of  the  fluctuating  ’pressure  coefficient,  and.  Hence,  the  dynamic  surface  loads,  were 
obtained  on  the  upper  ai  |.e  of  the  first  flap  and  in  the  slot  between  the  first  fl?.j  and  vipg.  The  highest 
values  occurred  in  the  region  of  the  iiepingifsent  of  the  core  Jet.  The  pressure  on  the  upper  surface  of  the 
second  flap  near  the  leading  edge  is  comparable  to  the  pressure  on  the  underside  c-f  the  flaps  directly 
exposed  to  the  Jet  exhaust.  This  U  probably  a  result  of  turbulent  flaw  through  the  sic,  between  Flaps.. 
Unworttaliso-d  values  of  the  rcot-uesn*  square  pressures  are  given  for  rsfer^-.sc  ir.  Table  I. 

The  surface  pressure  'true?  due  ere  ware  selected  to  have  low  sensitivity  to  acceleration.  Moreover,  e«A- 
caUtlon  of  the  coherence  functions  for  the  acceUrmeter  aai  nearby  pressure-  irons  luce-'- a  showed  »e-  signifi¬ 
cant  degree  of  oorreUtlon,  tfcut,  it  Is  rwwluded  that  f l\p  vibratiem#  hail  r.s  appreciable  effect  m  w» 
pressure  aensuremer.vs. 

The  fluctuating  pressure  toofti  tents  seasurnd  m  the  flaps  are  oomforH  with  fluctuating  pressure 
coefficient*  measured  in  a  free  J  ,  a«ferej>«%  1%  a  wall,  jet,  fief  e  ten-,  se  .1.6,  a  i/1%-  scale  sudd  tripie-tloited 
externally  blown  flap,  and  in  turbulent  te.’asisiar?  Uyer-j,  Hefeyenon?  13  and  ik,  ip.  figure  6.  tb«  ufJpubUshrd 
data  e»  the  t {Vi* scale-  asr-iel  vwr*  taken  by  8.  V).  Hayden,  ?.  Sads*n,  w.4  R.  ?.  ;>ia.natt4  of  ReU.  -Reraih^k  and 
.X«¥g«st  Ins.  these  re?\tlt-e  are  expected  u*  be  f«l<»sse<i  assert  Jy  !;«  a  SUIA  ot-htracie-r  r*pm»  the  Maoh  •v.<#b*r 
M  and  4ya»»t«  preewre  n  ar«  based  m  ««*b4ititute  ■?<?*  the  WiftdoafV  loyal  aad  c*  the  Jet  exit 

*Ctt4SUeftS  th  all  Other  eiSae, 

It  Ja  tint  the  flew  ^teld  isv  ti  e  turbulent  teeur-tery  layer  u.  MJtwkUUy  different  ttoa  she 

ether  few  HUnU«fth  it  Si  ihnlu'kai  tetsastA*  H  is  *»  «xtes,btveiy  »wte  of'eexta  fatigue 

•i«w*a  is  fsatillar  to  tsawqf  aircraft  de^S^sers  «t£  there  fere  is  useful  as  a  *«f*mft*  paint.  The 

ar#-jts  tor  th«  t>«l<»rsi->.Uy  fie?  s»4*i  data  Ittilcates  th#  r-sdwbi  #?  r-rexhure  ccaiTisisftia  soured 
and  Jet  exit  Hash  tsdsfeer  test#!. 

This  figure  fefi«t#».f**t  vide  r «ftg»  «  leading  ve.iu.es  on  «xl*»h*Uy  M«*w  flaps.  ISta  sAaisuft 

pressure  coefficients  aea-surr-f-  a#  flop*  are  f<-  X*  titter  a.e.largs  as  the**  eewsured  Sr.  tu.rb*iS.*s«t  teftstsisjry 
.layer*.  These  «.«!*.»  values  are  of  the  same  order  *f  for  teeth  .*f  the  scsl-el.e  *»«'«■.*  vail  Jet.. " 

S»  sail  thrr.ii  of  «»**  .axjwrtwetg,  the  Aiftms*  frm  the  Jet  exit  pUss*  t«  the  lanln*'**  fctrfaae*  .**«  five 
is  fclst  Jet  •Hass-l-'T'A. 

CtttfRWfsstt  tef  the  results  obtained  tar  the  free  Jet  and  the  wall  >,«t  sh-aws  tut  curfaae  pressures  is 

the  vail  Jet  «««  it  «.upr«4litely  highar  than  Is.  the  Jet  «t«s*. 

Surface  5V«,«sure  (fpeotra 

Sdaw  ejr-vssilfi.p.  of  esie-tlilrd-octevo  taisfl  |swer  spettre,  JUCfSa.  «f  the  <«rii»»  ?re«wc-e  are  Is 

WgttTt  T.  t*»  sp-S'Stre  hsv®  lees  with  re-spe-st  to  Ik?  «^»r#  «f  th?  .tyftfcttSc  protsoro.  this  rail* 

Is  pkttM  agalnet  utrcSih'fcS  rttal-nr,  it-  r?U,  «t  the  byj*.s*  wsatl*  dlsaeter  gj,  *,  os-1  th.#  exit 

velocity  0  of  th*  *?♦*  Jet,  the  hdttJtitsg  MittUt  ti»«  regi-os  Into  which  its  l&Slvlduil  sjwwir*  it  the 
four  Jet  Mach  rsseteers  fill. 

As  Isdicitei  by  th#  shvtsh  to  the  uj.ytr  Mtaht>4  rsg'iaw  (a)  r*r«?t  to  th?  pres-svure  iwaisdttcet 

ms  tb*  upper  spas'? ate  «**r  the  Mh4  edge  ot  the  e*c*j>4  flap  ehrrea*  (hi  refers  to  ttt*  trajiKtucet 

»  the  Issuer  earftese  cf  the  trailing  sdf*  c?  the 'first  flap.  Al  thrust  t&c  ro*t-«*AS-#uufcre  vtisti  at  thfi.t# 
two  traaaJsiasrs  nsrt  about  the  twe,  th*  ^ttdsttal  *•.«?**  ere  meti«**teSy  Ufftrscit,  it*  upper  ssirft.ee  tfe:vx- 
sofisrs  ub’ch  are  tM aided  frsi#  the  dtract  jst  exhaust  all  b*sre  a  rasher  bread  syeetrust  with  a  Oat  m*i*css 
t»«  apprebiably  teig^fregussisy  semte vhs-res*  tt«  Mow  Mr&e*  trassduiers  U>  th*  Jet  tie*  hawse  a  5»*i*d 
tpictriat.  with  «  serr*  raplsl  8ce«y  at  higher  frespowsel**.  It*  peak  Is.  Use  «$«etro  cfetaifieS  at  Vto  lever 
eurface  tramd-ccer*  ocevryed  at  ssnder  J£©  Jix  which  IssAicatc*  t hi  relatively  l«sv-frwp>es?r 

B*Vur*  of  Milt  type  of  loa:Utvg.. 

Acceleration  Ir.l eerily  aal  %«etra 

the  tssi>8ttii«tiun  values  of  tteelcr*li«tt#  %*s*  ts»«ur#d  e..  the  a#c,.sd  flay  are  IntUatsi  by  th* 
cl  riled  data  tclr.lft  in  Fitwre  ?.  73:  *s*  v»lu*e  are  r. -•**.«  Hi?i  with  the  <tcc*ltr*?!..r.  ?f  grs.’'Hy,  g.  Tb.* 
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me&aured  acceleration  includes  the  response  produced  by  the  jet  impingement  loads  just  discussed  and  possi¬ 
bly  mechanical  vibration  transmitted  to  the  model  through  the  ground  support  and  pylon  between  the  nossle 
and  wing. 

The  measured  accelerations  range  from  U  g's  at  the  lowest  Mach  number  of  0.52  to  64  g ’ a  at  the  highest 
w.\ch  number  of  1.09-  Since  the  accelerometer  is  mounted  on  a  heavy  bracket  used  to  attach  the  outer  skin 
to  a  rib  support,  these  accelerations  ore  occurring  at  a  very  substantial  structural  member.  The  potential 
for  vibration  induced  damage  on  the  light  flight-weight  construction  at  high  engine  power  settings  le  evident. 

Also  shown  ir.  the  figure  as  a  straight  dashed  line  arbitrarily  drawn  between  the  data  points  is  to  M** 
power  law.  It  Is  se-  that  tile  measured  values  follow  this  trend  quite  well.  Since  this  is  an  empirically 
determined  relation' aip  for  a  very  limited  amount  of  data,  considerable  caution  is  required  in  trying  to 
extrapolate  these  results  to  other  Mach  numbers  on  this  configuration  or  to  other  configurations. 

Figure  9  shows  one- third-octave  band  power  spectra,  IT_ Cf ) >  of  the  acceleration.  These  spectra  are 
normalised  by  the  square  of  the  acceleration  of  gravity  ana  the  8th  power  of  the  Jet  Mach  number.  This 
latter  factor  is  based  on  the  variation  of  r.rD3  with  Mach  number  shown  in  Figure  8.  The  spectra  collapse 
quite  well  at  frequencies  above  about  1CQO  Hz  and  clearly  separate  at  lower  frequencies  where  the  lover  jet 
Ms^h  numbers  are  associated  with  relatively  larger  amounts  of  lov-frequeney  vibration.  All  four  spectra 
have  peaks  at  rye<jUan<;i.£s  of  200,  1»00,  600,  and  1C00  Us,  Since  the  frequencies  at  which  these  peaks  occur 
are  independent  of  jet  exit  velooity,  they  are  presumably  associated  with  scce  structural  frequencies  of 
the  model. 

PREDICTION  OF  RESPONDS  TO  FLAP  LOADS 
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Predicting  the  response  of  a  structure  to  applied  leads  using  aerial  theory  requires  a  knowledge  of  the 
load  distribution  and  frequency  content.  For  randomly  applied  loads,  such  aa  Jet  impingement  surface  pres¬ 
sures,  this  information  is  contained  in  the  cross  power  apeetral  density. 

The  way  in  which  the  cross  power  spectral  density  of  the  loading  enter*  Into  calculation*  of  structural 
response  can  be  seen  free  the  following  equation  which  has  been  derived  by  Powell,  Reference  16,  and  otbera 
for  the  response  of  beams,  plates,  and  shells  to  randcsa  loads: 
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In  order  to  calculate  the  power  spectral  density  of  the  displacement,  5(r»a»)  one  trust  evaluate  a  double 
integral  involving  the  cross  power  spectral  density  .-f  the  random  app’ led  ioala,  and  the  normal 

modes,  u„(r).  C  nsequemtly,  ease  tractable  aathasaUcal  repre««ntat*  •<*  of  $(?,?*>»)'  k»  most  desirable  for 
analytical  studio*. 

Sxtrswlve  «e*es*rw*«»te  of  the  «m»  jwwtr  spectral  density  have  been  made  In  turbulent  boundary  layers, 
Reference  It,  A  simple  analytical  represenution  of  the  areas  »a*cr'  spectral  deadly  was  ennatruoted  *ad 
used  for  response  calculations  4»  Reference  I?.  A  similar  study  of  the  response  of  a  slept#  panel  to  veil 
pysacures  was  carried  out  tif  Reference  U.  Siowevay,  vtjry  little  data  arw.bvaU.ah.ln  fire#  which  one  can 
derive  Ur#  ere**  power  spectral  density  <sf.  she  fluctuating  pressures  in  slc$l«  veil  jets.  Re  such  deia 
exist  fer  cctspJes  ewWigasatibft#  such  as  hlgh-Uft  wing*.  in  the  flap  esp*rn*a<>.ts  discussed  previously, 
the  surface  pressure  trr-'isducara  «m  tw»  widely  separated  •  te  obtain  Uric  type  *f  intertask  *en.  ltd  a  lack 
at  tc*ida  data  is  •»  dsefcais  (gap'  which  must  be  filled  if  sonic  fatigue  beoaoes  •  major  consideration  la 
the  Structural  design  of  pawwred  lift  sysvaes, 

esaetassm 

this  paper  ha#  IMltUci  la  a  ser.eraa  way  the  rouse#*  of  turbulent  pressure  AettSiUoM  is  the  Woe 
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Figure  1.  High-lift  wing  concepts. 
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Figure  2.  Sources  of  turbulent  pressure  fluctuations. 
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SURFACE  PRESSURE  FLUCTUATIONS  FROM  JET  IMPINGEMENT 
ON  AN  INCLINED  FLAT  PLATE 

by 

s.Westley,  J.H. Woolley  and  P, Brosse.au 
Structures  and  Materials  Laboratory 
National  Aeronautical  Establishment 
National  Research  Council  of  Canada 
Ottawa  K1A  0R6 ,  Canada 


SUMMARY 


More  complete  information  on  jet  impingement  pressure  fluctuations  is 
required  by  the  structural  designer  of  STOL  aircraft  that  use  externally  blown  flaps. 
This  paper  describes  an  experiment  in  which  the  surface  pressure  fluctuations  ori  a 
flat  plate  were  measured  when  an  impinging  cold  air  jet  was  blown  at  the  plate  with 
various  speeds,  inclination  angles,  and  separation  distances.  The  paper  presents 
data  on  the  surface  sound  pressure  levels  and  their  spectra. 

SYMBOLS 


Ap  root  mean  square  pressure  fluctuation  on  plate  at  (X,  Y) 

PA  ambient  pressure 

p  jet  stagnation  pressure 

D  jet  diameter 

h  distance  between  nozzle  and  plate  along  j  •  axis 

B  angular  distance  between  jet  axis  and  plate 

X,  Y  rectangular  coordinates  on  plate  surface  (origin  at  jet  axis  with  OX 

in  downstream  direction. ) 

S.P.L.  sound  pressure  level,  ^20  log  dyne/cm^ 

6  distance  upstream  along  plate  axis  of  flow  attachment  point 

r  radial  distance 

1  0  INTRODUCTION 

The  object  of  this  investigation  was  to  extdnd  the  data  on  the  aerodynamic, 
pressure  fluctuations  which  occur  over  a  solid  surface  when  an  air  jot  impinges  on  it. 

Some  limited  u  a  exist  on  fully  developed  wall  jets,  but  in  most  practical 
applications  the  problem  is  complicated  by  an  inner  impingement  region  which  is 
dominated  by  the  local  conditions  in  the  jet  and  an  outer  impingement  region  which  is 
dominated  by  the  developed  wall  jot. 

Data  on  surface  pressure  fluctuations  due  to  jot  impingement  are  important 
in  aircraft  design  applications  where  the  jet  exhaust  strikes  parts  of  the  aircraft 
structure.  The  introduction  of  STCL  aircraft  with  externally  blown  flaps  is  a  topical 
example  of  jot  impingement  and  one  in  which  a  light  weight  structure  will  encounter 
severe  random  loads. 

The  present  investigation  extends  data  on  impingement  surface  pressure 
fluctuations  by  measuring  the  surface  pressure  fields  over  a  flat  plate  when  the 
velocity,  inclination  and  distance  of  an  impinging  jet  were  varied  over  a  range  of 
operation  conditions. 

2,0  EXPERIMENTAL  APPARATUS  AND  MEASUREMENTS 

The  jot  impingement  test  rig  is  shown  in  section  in  Fig.  1  and  in  a  general 
photograph  in  Fig.  2. 

Dry  compressed  air,  at  a  temperature  of  approximately  709F,  was  supplied  at 
various  aeloctod  stagnation  pressures,  p,  between  16  psia  and  32  psia.,  to  a  contraction 
section  and  to  a  parallel  nozzle  with  a  circular  exit  of  internal  diameter,  D,  of  2.27  in. 

The  impingement  plate  consisted  of  a  wooden  rectangular  plate,  90  in.  x  60  in.  X 
1  iu,  which  was  mounted  on  an  adjustable  supporting  frame  that  allowed  the  selection  of 
various  values  of  the  impingement  distance,  h,  and  impingement  angle,  8. 

The  surface  pressure  fluctuations  were  measured  with  two  flush  mounted 
condenser  microphones,  **  in.  diameter  -  B.  s  K.4L36,  which  were  fitted  with  protective 
grids  and  supported  by  rubber  sleeves  in  3/8  in.  diameter  holes  distributed  over  the 
plate's  surface. 
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The  overall  and  1/3  octave  sound  pressure  levels  were  recorded  at  various 
points  along  the  plate's  centreline,  V/D  =  0,  for  plate  separation  distances  of  h/D  =  3 
and  12,  and  over  the  whole  of  the  plate  for  h/D  =  6.  The  nozzle  operating  pressure 
ratios,, were„p/ps  *  1.26,  1,54,  1,96  and  2.24,  and  the  plate  inclination  angles  were 
3  =  90°,  45°  and  22V3 . 

Flow  directions  on  the  surface  of  the  plate  were  made  visible  by  an  oil 
streak  method . 

3.0  RESULTS 

3.1  Surface  flow  visualisation  (Fig.  4-6) 

Examples  of  surface  flow  visualisation  are  shown  in  the  composite  photographs 
of  Fig.  4,  5  and  6  for  the  nozzle  pressure  ratio,  p/pA  =  2.24.  One  notes  a  flow 
attachment  point  which  is  upstream  of  the  plate's  origin  by  a  distance,  6  =  0.0D  for 
8  =  90  ,  0.5D  for  g  *  45°,  and  1.9D  for  (5  =  22*5,  with  impingement  distance  of  h/D  =  6. 

As  the  impingement  distance  increases  to  h/D  =  12,  these  values  of  6  increase  to  0.0D, 
0.35D  and  3. 2D  respectively  for  8  =  90°,  45°  and  22v.  It  will  be  noted  that  the 
surface  flow  diverges  in  approximately  straight  lines  from  the  attachment  point  and 
that  it  terminates  on  the  upstream  side  in  a  zero  shear  region  of  approximately 
parabolic  shape. 

3.2  Sound  pressure  level  contours  over  plate  (Fig.  4-6) 

The  overall  sound  pressure  level  contours  on  the  plate  are  shown  at  5  db 
intervals  for  the  three  flap  angles,  8  =  90°,  45°  and  22^° ,  for  the  impingement  spacing 
h/D  «  6,  and  nozzle  pressure  ratio,  p/pa  =  2.24,  in  Fig.  4,  5  and  6  respectively.  The 
sound  pressure  level  contours  are  symmetric  about  the  origin  for  the  normal  impingement 
of  8  =  90°  and  become  progressively  extended  in  the  downstream  direction  and  laterally 
contracted  as  the  flap  angle  is  decreased  to  8  =  22*s° .  The  150  db  contour  extends 
along  the  longitudinal  axis  to  X/D  =  73*  for  8  =  90°,  to  X/D  *  12  for  8  =  45°  and  to 
X/D  K  16V  for  8  =  22*3°.  Laterally,  the  150  db  contour  contracts  from  v/d  =  7*j  for 
8  D  90°,  to  V/D  =  6  for  8  H  45  ,  and  to  V/D  =  454  for  8  a  22 V° •  In  general,  for  the 
impingement  spacing  of  h/D  =  6,  two  maxima  sound  pressure  level  points  occur  along  the 
longitudinal  axis  and  convarge  as  8  approaches  90  !- 

169  db  and  167  db  at  X/D  «  -1/3  and  +  4H  for  8  »  22V° 

174  db  and  167  db  at  X/D  *  -1/3  and  +  3V  for  8  **  45° 

177  db  at  X/D  «•  0  for  8  ®  90° 

3.3  Sound  pressure  levels  along  centreline  -  effect  of  8  (Fig,  7-9) 

The  sound  pressure  levels  along  the  centreline  are  shown  in  Fig.  7-9  for  tho 
impingement  spacings.  of  h/D  «  3,  6  and  12  respectively.  Double  maxima  appear  ot  X/D 
3  ilV  for  the  smallest  impingement  spacing  of  h/D  «  3  for  8  *  90°,  while  at  tho  largest 
impingement  spacing  of  h/D  -  12,  the  upstream  maxima  for  8  *  22*jtt.  and  45°  have 
diminished  to  inflexions  in  the  curves  leaving  a  single  maximum  at  the  origin  or 
upstream  region.  In  general,  it  will  be  notod  that  the  downstream  sound  pressure 
levols  decrease,  and  that  tho  upstream  sound  pressure  levels  increase  with  increase  of 
tha  flap  angle,  8,  These  results  appear  to  bo  consistent  with  the  theory  that  the 
impinging  jet  acts  affectively  as  a  free  jet  until  tho  stream  is  close  to  the  inner 
impingement  area.  This  implies  that  the  Initial  flow  conditions  at  the  inner 
impingement  rogit  .  would  bo  cloealy  related  to  those  found  in  the  potential  core,  the 
surrounding  free  shear  rogion  or  the  fully  developed  jot  flow  when  tho  impingement 
plate  was  removed. 

3.4  Sound  pressure  levels  along  centreline  -  effect  of  h/D  (Fig.  10-12) 

The  sound  pressure  levels  along  the  centreline  for  impingement  spacingn  of 
h/D  *  3,  6  and  12  are  compared  in  Fig.  10-12  for  tho  various  flap  angles.  The  mont 
significant  observation  is  that  tho  overall  sound  pressure  levels  appear  to  be  .almost 
independent  of  values  of  tho  impingement  spacings,  h/D  "  3,  6  and  12,  for  the  wall 
jot  regions  that  arg  downstream  of  tho  inner  impingement  area,  i.e.  approximately 
X/O  >  for  8  «  90  ,  X/D  >  6  for  8  -  45  and  X/D  >  8  for  8  /■«  22V  , 

3.5  Rato  of  change  of  sound  pressure  lovol  along  centreline  -  affect  of  X/D  (Fig.  13-15) 

The  overall  sound  pressure  levels  for  h/D  «  3,  6  *.nd  12  are  plotted  against 
the  centreline  distance,  X/D,  on  a  logarithmic  scale  in  Pig.  .13-15.  In  the  fully 
dovelopod  wail  jet  regions  the  slopes  of  tho  curves  approach  approximately  -12  db  to 
-14  db  per  each  doubling  of  the  axial  distance,  X/D,  Thus,  for  these  regions,  the 
root  mean  square  sound  pressure,  ip,  is  approximately  inversely  proportional  to  tho 
square  of  tho  radial  distance  from  tho  origin, 

i.e.  dp  a  ’ 
x* 
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3.6  Cound  pressure  levels  along  the  centreline  for  various  nozzle  pressure  ratios. 

{Fig.  16-2  3)  — — - 

The  nozzle  pressure  ratios  of  p/pA  =  1.26,  1.54,  1.96  and  2.24  were  chosen  to 
cover  a  range  of  jet  speeds  from  M  =>  0.40  to  M  =  1.14.  These  centreline  distributions 
of  sound  pressure  levels  are  shown  in  Fig.  16-18  for  g  =  90°,  Fig.  19-21  for  6  =  45  , 
and  Fig.  22-23  for  0  =•  22>s  .  The  sound  pressure  levels  increase  with  increase  of 
pressure  ratio.  The  rate  of  increase  is  generally  independent  of  the  position  along 
the  centreline,  although  there  appears  to  be  a  tendency  for  the  increase  to  be  less  in 
the  inner  impingement  area.  The  shapes  of  the  curves  of  the  sound  pressure  level 
distributions  which  were  observed  for  p/pA  =  2.24  are  generally  preserved  to  the 
lowest  nozzle  pressure  ratio. 


3,7  Variation  of  sound  pressure  level  with  nozzle  excess  pressure  ratio. (Fig.  24-26) 

/p  _^fcesS0ur>d  pressure  levels  are  plotted  against  the  excess  nozzle  pressure 
ratio  f  •  A  |  on  a  logarithmic  scale,  for  various  positions  along  the  centreline  for 

an  impingement  spacing  h/D  =  6  in  Fig,  24-26.  Generally,  the  rate  of  increase  of  sound 
pressure  leve.  is  approximately  6  db  per  doubling  of  the  excess  nozzle  pressure  ratio, 


3.8  1/3  octave  sound  pressure  level  spectra.  (Fig.  27-34) 

The  1/3  octave  spectra  of  the  sound  pressure  levels  at  various  distances 
along  the  plate  centreline  are  plotted  for  6  =  90°  in  Fig.  27-29,  for  8  =  45°  in 
Fig.  30-32,  and  for  0  =  22tj  in  Fig.  33-34, 

One  would  expect  the  plate  surface  spectra  in  the  inner  impingement  areas  to 
reflect  the  frequency  distributions  of  the  pressure  fluctuations  found  at  the  end  of 
the  jet,  i,.e.  two  free  shear  layers  and  a  potential  core  for  h/D  3,  two  coalescing 
shear  layers  for  h/D  «>  6,  and  developed  jot  flow  for.  h/D  «  12.  The  disturbances  in 
the  inner  impingement  area  will  be  deflected  and  conveeted  along  the  plate,  and  at  the 
same  time  a  fully  developed  wall  jot  with  high  shear  in  the  inner  boundary  and  low 
shear  in  the  outer  free  shear  layer  will  begin  to  establish  itaolf. 

0  A  typical  spectrum  at  the  developing  wall  jot  is  shown  in  Pig.  28  for  h/D  -  6, 
8  ■  90  ,  p/pA  *  2,24  at  the  point  X/D  *  6.9  and  is  marked  A  B  C  D  S  P.  The  portion 
A  a  covers  a  flat  or  slowly  rising  low  frequency  portion  of  the  spectrum?  over  8  C  the 
spectra  rises  rapidly  at  approximately  C*  db  per  octave  to  reach  a  maximum  at  Ct  over  the 
middle  frequency  hand  CD  the  spectra  Falla  gradually  nt  rates  between  0  and  i  db  per 
octavo?  a  second  break  point  is  reached  at  D  and  the  spectrum  fail?;  more  rapidly  once 
more,  in  some  cases,  a  high  frequency  peak  develops  at  K,  Similar  peak a  were  noted 
in  the  upstream  area#  that  have  broken  contours  in  Fig,  S  and  6,  and  the  polyurethane 
foam  layer  shown  in  Fig.  1  was  fitted  to  reduce  poa?ibIe  flange  reflections  of  these 
Upstream  high  frequency  components. 

Comparisons  of  Fie.  27,  28  and  29  for  S  •  90®  and  h/D  «  3,  6  and  12  indicate 
that,  apart  from  X/O  *  0  and  1.7,  the  spectra  are  very  similar  at  similar  values  of 
X/0  and  hence  largely  independent  of  the  impingement,  distance. 

A  feature  of  the  «;>actra  in  Pig.  2 7-3 ft  is  that  with  decrease  of  X/t>  the 
maximum  moves  along  the  curve  c  Cj  Cj,  which  is  an  extension  of  8  C,  and  that  one 
general  curve  which  approx  rotate  ly  includes  the  maxima  and  thu  upward  slope?,  re,  of 
the  spectra  can  be  applied  to  all  the  figures.  The  effect  of  decreasing  the  flap 
angle  from  8  »  90  through  8  “  22S  is  to  generally  .m,  jo  the  Pv3xitr.ua,  c,  to  *'*.gher 
sound  pressure  levels  and  to  higher  frequencies.  Thus  it  appears  that  the  wa.i  l  jet 
spectra  are  only  weakly  dependent  or.  the  jet  to  wall  ijspingerwtnt  distance.  It  is 
likely  that  major  features  of  the  spectra  way  be  tranaforisad  to  non-dimensional  form 
by  the  use  of  the  downstream  plate  distance  and  plate  inclination  angle. 

3. 9  impingement  shoo,  cell  screuch  in  subsonic  lota.  (Fig.  J) 

At  far  as  i<  known  little  information  has  boon  published  on  shock  cell 
noise  screech  of  iPipu-.-ung  jets,  although  the  importance  of  upstream  reflectors  os? 
free  overcboked  jet*  has  been  pointed  out  by  soma  investigators.  During  the  present 
test*  the  authors  heard  screech  tones  which  wero  indistinguishable  from  the  shock 
call  noise  of  free  jots.  Significantly,  so.ma  screech  tone*  were  present  when  the 
impinging  jot  was  subsonic.  Sehlieren  photographs  of  an  impinging  jet  (see  Fig.  3) 
indicate  that  a  now  type  of  shock  cell  can  be  formed  in  either  subsonic  or  supersonic 
jets.  In  the  subsonic  ease,  the  shock  cells  move  toward*  the  nozzle.  The  shock  waves 
appear  to  interact  with  instability  wave*  propagating  down  the  jet's  free  layers  and 
to  radiate  screech  tones.  These  shock  cell*  may  bo  induced  by  standing  wave*  formed 
between  the  impingement  plate  and  the  upstream  flange  of  the  nossle.  The  conditions 
for  impingement  shock  cells  appear  to  be  a  short  impingement  distance  of  the  order  of 
b/O  “  3,  a  normal  or  near  normal  impingement  angle,  and  a  reflecting  surface  which  is 
close  to  the  nozzle  exit  or  Half  wavelength  intervals  upstream  of  it.  An  example  of 
the  impingement  shook  coll  screech  appears  in  the  spectra  at  G*  and  Oa  in  Fig.  17.  The 
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phencmgnon  has  been  noted,  particularly  at  subsonic  jet  nozzle  pressure  ratios  for 
B  =  90g,  h/D  =  3,  but  it  may  appear  to  a  limited  extent  at  0  =  45°,  h/D  =  3  or 
B  =  90  ,  h/D  =  6.  It  therefore  appears  that  this  new  type  of  shock  cell  screech 
phenomenon  is  not  limited  to  over  or  under  expanded  supersonic  jets. 

Impingement  screech  is  highly  dependent  on  reflecting  surfaces  close  to  or 
upstream  of  the  jet  and  care  should  be  taken  in  model  tests  to  simulate  such  surfaces, 

4.0  CONCLUSIONS 

(1)  An  experimental  investigation  has  been  completed  of  the  surface  pressure 

fluctuations  on  a  flat  plate  model  which  was  being  struck  by  an  impinging  cold  air  jet 
of  diameter  D  *  2.27  in.  lae  nozzle  was  placed  at  distances  of  h/b  =  3,  6  and  12  from 
theo impingement  plate  whose  inclination  was  varied  through  angles  of  0  »  ,  45°  to 

22*j  .  The  nozzle's  pressure  ratio  was  varied  from  1.26  to  2,24 

(2)  The  flat  plate  may  be  divided  into  an  inner  impingement  area  which  had 
pressure  fluctuating  conditions  similar  to  those  found  within  the  impinging  jet,  while 
the  remainder  of  the  surface  of  the  plate  developed  pressure  fluctuation,  characteristic 
of  a  developed  wall  jet, 

_  The  inner  impingement  area  contained  atypical  maximum  sound  pressure  level 

of  177  db  for  0  =>90  at  the  nozzle  pressure  ratio  of  2.24. 

(4)  The  root  mean  square  pressure  fluctuations  in  the  developed  wall  jet  areas 
were  insensitive  to  the  nozzle4 3  separation  distance  from  the  impingement  plate,  were 
inversely  proportional  to  the  square  of  the  distance  from  the  centre  of  the  plate ,  and 
were  directly  proportional  to  the  excess  nozzle  pressure  ratio. 

(5)  The  longitudinal  extent  of  the  150  db  sound  pressure  level  contour  on  the 
plate  for  h/b  ».  6  was  typically  X/D  .  7V  for  0  =  50,  */»  *  12  for  0  *  45® "and  X/XJ  «  m 
lot*  j> 22*,  ,  The  lateral  extent  was  y/a  «  *7^  for  fi  »  3QV ,  y/D  »  js  fcr  8  »  45fc 

and  V/D  »'*'*&  for  B  »  22k9,.  .  * 

id)'  one  third  octave  sound  eeasutg  level  spectra  have  been.  presented  and, 
although  complex,  appear  capable  of  being  partly  reduced  to  a  non-dinenaional  form 
usiha  plate  coo?di»atss- and  flap  ^nglo, 

■  ■  17}  A .now  type: ef  shock  cell  ssreeofc  woe  discovered  in  ItspingAng  subsonic  jots 

and  emphasises:  ike  aaed.- reproduce  $eoe.§tighlly  risfleefclng  surfaces  during  the 
aerddyna»i4>.  testing  of  &6dei  Th«  discovery  ray  have  important' 

applications  in  the  clarification  of  the  mechanism  of  shack  evil  screech . 
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LOADING  ACTIONS 


In  reply  to  a  question  as  to  whether  the  relative  phase  of  the  reflected  wave  had  been  taken  into 
account,  Dr.  Scholten  said  that  they  had  used  the  autocorrelation  function  of  the  total  pressure  at 
each  point  and  then  transformed  this  to  get  pressure  spectra.  The  effect  of  the  directivity  of  the 
fan  noise  c .mponent  was  also  included.  Dr.  Scholten  was  asked  if  there  had  been  any  failures  of  the 
structure  at  an  early  stage  in  the  prototype  development.  He  replied  that  as  the  prototype  had  not 
been  designed  for  a  large  number  of  flying  hours  an  extensive  programme  of  acoustic  fatigue  develop¬ 
ment  work  was  not  considered  necessary  before  the  prototype  flew.  There  were  some  failures  in  the 
conventional  skin-stringer  design  of  the  engine  pads.  They  had  used  the  earlier  prediction  methods 
but  the  acoustic  pressure  levels  were  higher  than  predicted  by  the  free  field  method.  The  loads 
here  are  very  difficult  to  estimate  because  of  the  very  near  field  effects  and  also  the  hydrodynamic 
pressures.  It  waa  partly  due  to  those  difficulties  that  the  work  reported  in  this  paper  was  done. 

Mr,  Lansing  was  asked  if  there  had  been  any  measurements  of  dynamic  hinge  moments  on  the  model 
flaps.  He  replied  that  these  had  not  yet  bean  done.  In  answer  to  another  question  ho  stated  that 
'Koolite'  pressure  transducers  had  been  used.  Mr.  Coo  added  that  these  wore  of  the  semiconductor 
strain  gauge  type  whose  sire  varied  d«m  to  50  thousandths  in.  Tho  levels  of  acceleration  measured 
on  the  model  would  not  be  representative' of  a  real  flight  structure.  The  model  had  been  made  of 
Chick  steel  plate  but  even  in  this  heavy  structure  tve  acceleration  levels  were  very  high.  Tempera¬ 
ture  measurements  had  been  made  on  a  half  scale  model  at  N.A.S.A.  Ames,  The  half  scale  model  engine, 
in  thi*  test  had  not.  bean  truly  representative  of  the  full  scale  engine.  In  the  nadel  tests  the 
region  of  impingement  of  the  hot  core  jet  had  given  rise  to  higher  temperatures  an  the  model  flap 
than  had  been  anticipated.  The  estimated  amount  of  mixing  with  the  cold  by  pass  flow  Must  not  have 
been  fully  achieved.  It  is  not  yet  known  whether  a  similar  problem  would  arise  on  the  full  scale 
configuration, 

In  reply  to  a  question  on  the  details  of  his  pressure  BesAurcHcnts,  Mr.  Vest  ley  said  that  he 
had  triad  to  use  microphones  with  their  diaphragms  flush  to  the  plate  surface.  This  was  satis¬ 
factory  outside  a  radius  of  about  tvo  tat  diameters  from  the  centre  of  impact  of  the  jet.  At 
closer  positions,  fine  dust  particles  in  the  flew  were  sufficient  to  break  the  diaphragm,  X;  was 
derided,  therefore  to  make  the  measurements  with  the  standard  grid  in  place  over  the  microphone 
diaphragm.  fe  docs  not  think  shat  this  has  any  significant  effect  on  tb?  r.  ults.  It  va*  also 
stated  chat  the  manufacturers'  data  was  used  to  make  correction*  far  the  influence  of  the  static 
pressure  in  the  flow  an  the  microphone  sensitivity.  Hr.  Cue  pointed  out  that  the  spectra  had  been 
«wly*«d  down  .to  Uv!l*  and  questioned  the  validity  of- chi*  because  of  the  lew  frequency  ‘roll  off* 
char accatift tie*  of  the  microphones.  Hr.  Veat;l«y  replied  that  there  was  a.  negligible  ..effect  ©f 
mictophwe  sire  at  the  high  frequency  end  of.  the  epesfra  but  the  correction*  had  not  yet  been  made 
for  tier  lew  frequency  and,  ... 
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PRESSURE-FLUCTUATION  INPUTS  AND  RESPONSE  OF  PANELS 
UNDERLYING  ATTACHED  AND  SEPARATED  SUPERSONIC 
TURBULENT  BOUNDARY  LAYERS 

by 

Charles  F.  Coe 

Chief.  Aeronautical  Structures  Branch 
and 

Wei  J.  Chyu,  Scientist 

Antes  Research  Center,  NASA,  Moffett  Field,  California  94035,  USA 


SUMMARY 

The  (taper  summarises  results  of  an  invcettgaticm  of  surface  pressure  fluctuations  and  response  of  panels 
underlying  attached  and  separated  turbulent  boundary  layers  and  shock  waves  at  NASA  Amos  Research  Center.  Exten¬ 
sive  tests  of  a  largo  -assortment  of  axlsyromelric  and  two-dimensional  models  have  been  conducted,  at  trnnsonlc  and 
supersonic  Mach  numbers  to  3.6  to  study  the  pressure  fields.  Assorted  fixod-edgo  flat  panels  hove  been  tested  at 
Mach  numbers  from  1.6  to  3.6  tn  attached  and  completely  separated  flow  fields  and  also  in  mixed  flow'  with  a  step 
Induced  shock  wave  oscillating  on  the  panels.  The  surface  pressure  fluctuations  are  described  in  terms  of  broad - 
bend  ftBSj  spectral  density,  and  spatial  correlation  information.  Thu  effectiveness  of  parameters  for  scaling  the 
pro  sou  re  fluctuations  la  also  Illustrated.  Measurements  of  the  amplitude  and  strain  response  of  the  panels  are  com¬ 
pared  with  response  computations  by  the  uorinal  mode  method  of  analysis. 

NOTATION  (Note:  All  diowtwieas  in  standard  metric  units) 


A 

surface  area  of  the  panel 

*1 

paaoi  teugUi  m  Xj  direction 

Am 

normal  UatRw  (actor  for  0 
tn 

V  , 

panel  length  in  direction 

Eh8 

“’SnPi 

banding  sUlfoees 

m 

n 

.  generalised  mass  for  the  «th  mode 

K  ' 

free  stream  Mach  number 

c 

damping  coefficient 

Cu 

ttUUC  praaaure  coefficient,  (p-pj.Aj* 

> 

tuv.d  static  preaftere 

V 

PC*.U 

pressure  fluetuaitea  acting  «m  the  paiwl 

d  ■ 

thlckneM  of  pastel 

■ 

free  stream  dynamic  pressure 

D  ’ 

diameter 

V° 

gnuoraUted  ceordiastea 

E 

Young6*  modulus 

Fourier  transform  of  13 

f  . 

fWKjissasy 

** 

ft 

u!) 

two-sided  cross  spectral  sfeosily  function 

*  JM 

geOVioiUed  force 

0 

h{£.  te) 

t«o-«ided  power  spectral  density  function 

fi/U 

itrouteJ  fesahor  . 

V 

S'- 

mV 

flow  separation  lergtfe  measured  upstream 

-ifi./u 

1  1  c 

v  . 

from  ® 

V«“A 

t 

time 

p« 

Fbutinr  transform  Of  t 

a 

u  ' 

velocity 

ttte-etdou  power  spectral  density  (uwdiots 

VV 

u*wrow-bsad  cssvectloe  velocity 

<5<£,  u.) »  w)  «se»*Uted  cross  ipastf  il  density 

wfe,D 

displacvewoi  aornul  to  ibe  pancf  surface 

b 

iduxddar  height  of  coao  frustum  or  two* 

.  V%b»- 

,.  Fycrfer  transform  of  « 

t*st*»bsle«sl  wedge 

» 

ieogitedinsl  dlsfs^te  messuted  upstream 

tiA^i 

frstjuacey  roSpocsc  fusetton 

• 

'  from  shoulder  of  rone  frustum  or  two* 

6 

dimoosteoal  - 

V5* 

rest  put  of  Icogiludiiui  acceptance 

tocslkvt  on  the  paarS  tn  tfc*  lOngitudiasI 

4^  :  V 

-  uwu  veraiu  aeespUwce 

I 

(or  aresmsise)  dityctina 

KJ») 

atiw  of  imaginary  port  of 

*2 

loeMioa  eathe  puaei  ta  the  1  natal 

totgUodiaal  urspttKc 

direction 

5-2 


^i*V 

coordinate  referring  to  location  on 

9 

yivV4i 

the  panel 

P 

VY*2 

x/y.-yj 

normalized  coordinates  referring  to 

1  6 

6 

location  on  the  panel 

boundary  layer  thickness 

03 

«* 

displacement  boundary  layer  thickness 

U 3 

Q 

6»vS 

Kroneckor  del  a 

P 

V4  3  "7  ♦  2 

a«4 

l 


id  J 1  +  ji 

*1  *£ 


£  =*  x'  -  x" 

t)(  *  y'  -  yy 

n2  15  y2  *  y2 

c 

p 

V 

V 
0 

y 


coordinate  referring  to  the  separation 
distance  of  two  points  on  the  panel 


strain 

mass  per  untt  urea  of  the  panel 
PoiSSOa  ratio 

loss  factor  for  stw  atb  mode 
aUenuatioo  ccetlicletu 
cHifearoKW  function 


angle  of  cone  fraitum  or  wedge 

correlation  coelifioiont 

mode  shape  function  of  the  panel 

mode  shape  function  of  a  panel  with  unit 
dimensions 

angular-  frequency 

natural  frequency  of  the  ath  mode 

phase  angle  of  crosB  spectral  donaity 
function 


Subai  nuts 

norm  normalized  quantity 

» =•  {ro .  a)  mode  index 
$  a  (r,  s)  modo  index 

o  quantity  evaluated  immediately  ahead  of 

detached  shock  wave 

“  quantity  evaluated  at  the  free  stream 

1  siroaruwiso  direction 

2  lateral  direction 

p  quantities  related  to  liw  excitation  field 

d  quantities  related  to  pane!  displacement 

<  quantities  related  to  strain 


t.  iNVROiiya'ichv  .  . 

The  pressure  llee«iaH«ns  its  reuftan*  «l  attached  snd  separated  turbulent  tumdary  layers  and  shock  waves 
adjacent  to  surface  of  aerospace  vehicles  give  rise  tit  strutter*!  vibration*  throughout  atmospheric  flight,  the  study 
of  these  «xdtatl«n*  and  resulting  vibration*  is  of  i«t|Mmftee  in  determining  stress,  fatigue  life  «f  structures.  and 
BixisM  transmission  into  the  interior  of  the  vehicle,  Unfotiunaidy,  the  analyst*  of  this  type  of  wbrMton  I*  ticmpUcafed 
by  the  inherent  random  dtaractemtii*  of  the  csettatf&t  pressure  fields,  and  she  difficulty  of  astelyilcaJly  dcscWbiag 
tiw  vibration  fef  a  realistic  structure,  >*cr  these  reasons,  early  investigator*  of  this  problems  iteaahiered  only  a 
hyjwthcvival  #9».  field  ami  made  the  simplify  teg  assemptiesa  that  the  structure,  almost  Invariably  either  *  beam  or  a 
rectangular  paael,  is  infinitely  large  (refs,  id),  This  a»mtm^<tea.giv«a  «**  to  a  solution  t«  terms  of  the  awaa  square 
displacement  of  the  panel  as  a  whole,  hut  not  the  displacement  an  a  function  of  iocaiton  wt  the  panel. 

tevestigaumv*  dealing  with  the  esdu»K»n  field*  for  the  auaefod  and  separated  lurtell.  hetsadary  layer# 
and  regions  of  mixed  flaw,,  including  pPdlllaiing  shock  vsres,  have  been  mimerou*  (the  references  of  rvfs,  4-8  yield 
*»  SJfpreprtitte  !«%%  fclMtegctphy}.  A  review  of  the  literature  indicate*,  however,  that  the  required  stittsilc.il 
ihtemaftoa  to  describe  the  aurfasterpreisure  ftte^uitten*  is  reasonably  complete  only  for  suhsenic  attached  turh'.ilont 
bwi^dary  layers.  tnveMfgifions  St  trenttttte  and  supersonic  speeds  hive  primarily  Included  tseasuremeau  cf  pre'Siure- 
llttcittiUom  tatensifia*  s*1  very  limited  analysis  of  power  spectra  and/or  spatial  correlation.  With  the  cxrePtfo*  ui 
result*  la  reference*  4-».  these  latter  forma  of  analyse*  have  only  U*«  published  for  aiiachod  How, 

With  respect  to  response,  recent  tovestigsiUotts  have  considered  ftmtis-slio  rectsagufsr  pasd*  ursderiyfi^i 
subsonic  attached  turhd?«*t  houndary--  layers,  but  a  stnij-llfytGg  assumption  «»  mud*  that  the  panels  w«wt  sitrqdy  sup¬ 
ported  (rof«,  8-191,  SW*  sseusqAiwi  sirapHlies  the  algebra  tre»t»»dott*Sy,  pcmlKU«  setatfcui  to  be  expressed  in 
closed  format  sad  althixrgh  these  cmsytleil  results  give  ►■otter  sgreettwal  with  exporimoat  i baa  those  obtained  with 
the  infinite  panel  »*iws^5*'t»,  they  tend  to  event  stimnte  the  response  of  a  realistic  panel.  Previous  saalyses  aieb 
fsiled  loglve  a»  accurate  prediction  of  the  ««v*  matching  tetwtttti  the  flexural  wave  of  a  pan*!  and  the  pressure  wave. 
The  estimation  cf  tote  w*ve  nutchlng  is  Important  parttculsrly  when  the  match! eg  occur*  si  one  «  the  nseui  fre- 
quenctes  of  the  *trutf*f«  and  this  causes  a  large  structure!  response.  With  the  advent  of  high  speed  compute**, 

a  thnoreticai  suudytte  of  a  finite  rectangular  panel  with  clamped  edge*  under  Uw  excitation  oi  a  iurhuiaot  boundary 


layer  is  now  feasible.  Analytical  integration  in  closed  for  eh*  are  not  necessary,  since  numerical  Integra  ton  can  be 
carried  out  with  no  a‘  jabrulc  simplification  of  the  integrand.  This  digital -computer-oriented  approach  him  the  follow¬ 
ing  additional  advantages  over  an  analytical  aoproach:  (1)  The  transparency  of  the  problem  Is  prtrorved,  as  very 
often  the  physics  of  iho  problem  is  lost  amongst  a  groat  length  of  closed-form  mathematical  formulae;  <2)  future 
developments  are  simplifieu  as  tao  basic  compute*  can  be  modified  to  desoribe  different  flow  fields  and/or 

differoat  structures. 


With  the  deficiencies  in  both  the  input  and  response  problems  in  mind,  a  research  program  has  boon  under¬ 
taken  at  NASA,  Ames  Research  Center,  to  Improve  tho  statistical  description  of  the  random  pressure  fluctuations 
underlying  attached  and  separated  turbulent  boundary  layers  and  shock  waves;  and  to  improve  tho  analytical  capability 
for  computation  of  tho  displacement  and  strain  of  realistic  panel  structures  when  excited  by  each  of  these  flow  fields. 
The  investigations  of  pressure  fluctuation  inputs  and  response  have  spanned  the  subsonic,  transonic,  and  supersonic 
speed  ranges  up  to  a  Mach  number  of  3. 5. 

Sketches  of  models  used  for  tho  investigation  of  pressure-fluctuation  inputs  are  shown  in  Fig.  1.  Tho 
basic  configurations  wore  0. 0508  m  and  0, 251  m  diameter  ogive  cylinders  and  the  Ames  8-  by  7 -foot  and  8-  by  7-foot 
supersonic  wind  tunnel  (SWT)  Wm*!s  to  Investigate  attached  turbulent  boundary-layers.  Cono  frustums  ahead  of  axi- 
symmetrio  rings  and  two -dimensional  wedges  of  different  heights  and  a  variety  of  angles  from  16*  to  9Q*  were  added 
to  the  cylinders  anil  Walla  to  Investigate  rogions  of  separated  flow  and  shock  waves.  Tho  different  model  aisee  and 
tunnel  walls  provided  targe  variations  of  tho  thicknesses  of  both  the  attached  and  separated  boundary  layers  to  investi¬ 
gate  scaling  relationships  to  establish  the  moat  effective  parameters  for  noadimensionaliration  of  the  pressure  fluctua¬ 
tions.  The  thickness  of  attached  boundary  layers,  for  example,  varied  from  approximately  6. 00466  m  on  tho  0. 0566  m 
diameter  model  to  0.135  m  on  tho  wind-tunnel  wall.  Saparated-flow  lengths  ahead  of  45®  frustums  and  a  0.2033  m 
high  46*  wedge  varied  fm  0. 041  m  to  0. 80  nu 
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htgorw  l.  CuwllgsraJUeo  inv'vstw-tod  foi  suidysf  surfftco-prestore  ttuctuauud*. 

tt»d  surface  pressure  (tMWdiwi  *er«  ittcastteud  with  twe  different  sires  of  sum.fcfltsdoctur  t)p  tMtaMMte 
Irnmttfcteojf#  hayfeg  MuuMttg  4l«m«ter*  of  o.(H)2SS  m  nod  «u  TH  ttttswKfa««  »ew  mounted  (tunis-str  jUsltSiy 

•obmubtvd.  to  the  surface-  M»  hviguorimal,  lateral,  asd  tUag.mal  arrays.  In  addition,;  detailed  #tatlu-pre^sur*,4k<rlbu* 
Mono  Jta4  txwwstecy-teyer  mswtupoMenio  entwined,  Mtfn*  detail* *» the  tost  precedes,  stela  ae^ateftten  odd  1 
.  inilywli,  asaf  overall  icette  of  tf*  ut**»era-fteciuAtioa  t'nrattUjtelfafc  earn  be  found  in  reference.-*  4  a&si  f . 

For  do  ro*ptift*e  part  td  the  research,  the  first  step  fes  U**  prwtram  te  te«W  the  analytic!*! 

bslity  and  a  practical  •sampeter  pragmn  for  cumpulsllenuf  die  amplitude  r**j*«H»e  of  *  elwnpe^^liie-jrasel-,  Hi 
**8R»H«»  of  «  Miiwnk  assarted  birMsnt  bauadary  layer  cssasutered  first  beeB&co.  of  the  svsilaMlty  of 
puodi/ag  e.x'clhsitos  data  by  Bull  {ref.  !!>,  «tf  MMfjwsa**  nwaaerameftss  by  Witty  («!.  10.  Thu  method  ef  ssssflyUiS 
ftmshad  of  ttorttta?  tijodeeted  Ibgester  %Ufi  the  tec*tttqise  of  spectral  uaalysis)  sad  rampurisoet*  with  Withy®*  rbspeate 
data  sra  etewu  so  reference  13.  Tfeeee  ioiliai  <e*uti*  show  favorable  cowpertiwtts  between  th*  oesassiwi  and  sseosared 
■  rw«ivo*e. 

The  anatyai*  and  eowisuier  prt^ram  have  swbsed'centSy  i»w.s  exp«bi5«d  by  t¥»cluci«  the  and  itisslo 

.  eevpgM*  el  sfm^Uy-sagyxH't'.otl  usd  c!*wped-udga  panel*  excited  hy  aepetaoste  eitidod  and  sepanisd  i&rfselcat  hswbiary 
layer*.  feirTestsiwAng  esfiefitseRW  hie  been  conducted  (r  ttBaouts  the  ssAptnodc  and  itM  response  bf  a  variety  of 
psosi#  with  different  le%rth»t»*wkiib  mus  and  Wtf.C'tee****.  Jbmiel  totgifc*  sad  width#  varied  from  ».  1524  w  to 
0. 3049  w  and  tWetacMe*  varied  from  » to  3,«te*Mr$  ».  .Tty-text*  wore  woducteS  5a  the  *xsw  htlMlei 

{#*  hy  7-ffwvt  SWT  «M  S-  by  frtm  SWtt  u«wl  ter  the  i^sv^nlo  f*<«oiK»NiHfl«teaB»t»  wtedte*  between  htacfc  ooe&eni 
«f  1.4  sod  3,5,  Am  tHuxtratico  of  de  test  set  up  far  *etyr*ted  flow  Is  *bown  la  Ptjy.  2.  Tb*  jvssc!  s wjwnxo  tefte'wor* 
conducted  .wltfc  th«  Q».29S 2-ni  high  #0*  step,  where**  prturtvtftt  Ituctdhiloao  wore  also  toobwitod  oh  •  j«i  of  83*  «w3'49* 
f^paraled  flow  toogibe  *he-el  of  tte  Step*  varted  from  ippruxiumtety  0. 51  m  U>  1. 10  m  dopeodmg  a*  Stscb 
oumbtft  w4  the  iUacbrd  boundary  Uv«r  ttiktaose. . 

.'Three  csserfitlaw  with  the  yxutel*  underlyiog  suxebed  flow-,  *sf»*r:#h«d  Hwe.  wad  mixed  flow  with  to 
oocHlsitn^  thwtk  \  or*  ibva«ig*ud.  Atucbad  fiw  w**  obuiaed  by  .remhv.fs^  the  «eir.  &T'.*rsted  flow;  ww* 
ubteijs^d  this  fttefi  pueiliorw/  a*  *hmrt>  in  Ftg.  £  on  this  tho  iwmrl  w*o  shoot  crie-t&lrd  the  dteUaoo  betwseco  the 
•hoch\'4SMi.  tad  Uu  The  «tap  ww*  amved  further  <te»«5tr«£»  to  patstioa  tbb  sfepetewsvc  uo  the  panel*,- 


Figure  3>  Pigwl -response  test  installation. 
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Pans'  displacements  were  measured  with  non- 
contacting  capacitance  probes  that  could  lie  re  irately  posi¬ 
tioned  to  different  panel  coordinate  positions.  A  steady-stato 
cavity  pressure  was  carefully  maintained  at  wall  static 
pressure  at  the  streamwise  midpoint  near  the  lower  edge  of 
the  panels  for  all  test  conditions. 

The  analyses  of  all  the  results  of  the  pressure 
iiuctuat'  a  and  panel  response  investigations  are  not  com¬ 
plete.  However,  a  large  amount  of  data  havo  born  amassed 
for  attached  and  separated  flows  at  supersonic  speeds,  and 
therefore  these  data  and.  the  corresponding  panel  response 
measurements  and  analyses  are  tfc>  subject  of  this  paper. 

2.  PRESSURE -FLUCTUATION  INPUTS 

2.1  Broadband  Characteristics 

The  surface-pressure  fluctuations  measured  in 
attached  flow  on  the  walls  of  Ames  wind  tunnels  are  shown 
in  Fig.  3  along  with  comparative  data  from  a  few  other 
investigations.  The  data  presented  are  considered  by  the 
authors  to  most  reliably  represent  the  broadband  intensities 
of  the  pressure  fluctuations,  vp2/q»>  far  the  Mach  number 
range  from  0  to  3  s.  Many  more  data  points  could  b©  added 
to  *'-.c  figu.’: '  from  other  earlier  investigations*  but  the 
spread  of  data  would  then  be.  increased  markedly,  Most  of 
the  other  available  tlasa  coostdet'od  have  been  rejoctssl 
because  of  uncertain  effects  of  transducer  sire.  install  alioa, 
and  extraneous  noise.  The  data  from  the  Ames  9*  by  T-foot 
SWT  «d  9-  by  T»|oat  SWT  and  the  KS-tO  represent  measure- 
mats  nt  several  loeatUms  on  a  rigid  plate  is  the  twn*t  wall . 
and  on  the  aircraft.  The  spread  in  data  it  stesu?  aa%  &  dB) 
i»  typlc.nl  Kbd  is  believed  due  »  a  t» The 

unsteady  pressure  field.  The  that  Satfccss  fes  con- 
•«latvsUy  repeated  wltM«  0.  S  dR  @h«n  diRereut  trsnsderero. 
of  the  sanve  kind  are  instslk*!  ai  a  *^if te'tee «!«*» 'm  ’the  . 

.  wtm)  tusrel  wall  support#  0&  Anpwsjst*.  generally,  the. 
wind  tunnel  a ad  flight  dst*  n  ¥%.  'a'-frMgggire  fcwait^&y, . 

#f*a  bo6b  shew  about  a  Sbtvdecreaae betwssb 
Mach  twtmber*  of  1  *5*1  Sh %l  M.M>  M'  the  available  wiM.  . 

d»t«.  iteur  a .W*^fg?'J*f#P/ds« •-»  UKtvr**  aitsh.%  • 
f  t*im  a  mudravaa  of  .«&«*•  8.  4&S&  at  .hf *» I.  si  to  msq& 
alM-S.5.  •--.•.••••  ■■  /'  , 

TM.'ieaiiivngibjgses)  distrihutbsi*  «f  fftthsp  Static . 
and  ftanuaUag  pressures  SHaatyswve  si  tfee  w^tfafod  flow  . 
on  ibe  «fs  *-**9*0;  -in  f%.  4 

effocvnf  ^MWUT  Ml  fT»»i»«s  (Might  in  f-Tg.  4&|  bad  the  . 
esffwr  itf  M?  "b  ttatbbjhf.bs  tfee  fi"*.  field  ?&  the  .»Wiiy  of  '  ■ 
the  ptdiel  f*  *f»w»  Vk  T^tv.  At  SWit- 

dstsgijf  desrcrfUeci  ireta,  .4  snd  14},  fts  i»e*s  siatbe  pressure, 
ittiiislty  at  f  ree-att csew  sistio  Kreoswre.  Uue*«M«i  ebpidly 


|  t».A4'fb*  64  t{tt*eh#d  hMKMl  4feM$  «*f  fit 

9 *  Mptraitett y&M  ksI  tbcA  a  {dateae  ««  Dm  lrsast- 

tics  irew  hUifiVcd  to  ttcpar-led  iib*?  i*  eotfepletsd.  The 
*Tsttc-t‘re*tnre  cpreiicteivia  in  tbs  region  id  t*~,  j^aita-js 

Ftg^tw  5,  cbar*ot-ett*tic*  trf.  pressorer  -waft  t&krty  ibe  tsgvs  ret  alt  th*  dua^vm^*^  ssrefele-.  -Ud  : 

ItsctcAdw*  uisdertyiaig  aitse.hod  ■  •»«?«  a^brMatiHtttfr  5*%  4»etMli64T«iSli«tg 

..tMteitat  t&aMSuy  liptr*.  urttsMti*  m  Ibe  l»»-<dtt8i<w#»4ai«l  M(D’ .  TWledUhaMiJ 

i>w  cmiu'rfirerecrv  tit*  sw*reci*sed  with  i*»  wfeorfot  ar-i 

twtaraUaa  psttit*  wore  not  scaled  by  the  s^-paretabUr.  Farther  *tody  of  the  tbodt  MporsiUM  tHsianv  c#  fyot  ikamt 
tbit  the  dtCfererecre  are  doe  to  the  v«oi6iUct  ot  a/60  on  the*«  two&U  ratber  then  fn  Hctreld?  svwssber  affect*. 


t>*  characlesliHic  feoiure  of  Uw  htoDhiNi  pressure  flectcsuiefc*  (Ftg.  <fet)  taa  bt  to  fetUdfi  of 

Uts  '(&»«  *ulii>*pt«siiS3Ts.:  di*1rfln(Uufe*.  Thb  ptvtnirt  fioctoalUMM  tbertuM  rsgsdly  at  the  sbavk.  a*  SieMtflwt  by  the 
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fully  cepatattd  »x»gi«s,  the  OoctsaUitg  ptestur*  detk«i4»  freaA  tf.1»  »sadt*b»  to  »  plateta  level.  Crem«$««3iggiy  la 
Dd*.*6-S(MiT»gk'iB  Om  «*sdje  s«¥(W«re  do*crv<««iM  t<w««D  vpfsfeca  level.  Ilmtw  immi  DmD  tbe  pitaetM  Sewl  w** 
relanrety  tod^iea$er,t  of  tbe  riwetder  height  of  the  frfwuiw  U»t  casxMD  U*  veptutito*  «*a  D»  0. i4t-ja-.:bijjwtpr  tpods-Li. 
D»  Josretr  IdtwwaUve*  <»  the  D.-teW<^(i'4tia»e48f  .B»del  werefouaMS  ta  be  due  in  *a  iim&ieam  ire- 

tjuettiiy  re^tf  t£  the  reeerdodttou.  The  feS^beS'  Sun'Sdsttag  ptwisouree  ua  tbc  two-ditwet# tonal  stsredel  *re  sjcsoucuukI 


M®»2  8  *45* 


D*cd  9*90*  hi.  2032  m 


9  I 


o,  m 

h,  m 

h/8 

o 

.051 

.0102 

2.5 

V 

.254 

.0254 

1.6 

n 

.254 

.0508 

3.7 

A 

,254 

0767 

5.1 

0 

CD 

.2032 

2.0 

pUSSs* 


1  .02  j- 

h  I 


b afljrwewaw  v  cc  o  rr 

mixed  plow 

PANEL  LOCATION 

SEPARATED  FLOW 
PANEL  LOCATION 


4  3 

X,  f  h 


a)  Effect  of  Ulmier  «al*  frustum/wedg©  height. 
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4.  tcAgULdiaiil  distribution  of  steady  mul  fluctuating  Static  pressures  la  region  of  separated  flow. 


wish  thv  higher  static  puncstye*  in  «w  sepal  at<*i  flow  region  or  ihetwo-diroensmal  model.  Gone  rally,  the  Mach  non-.- 
hoc  effect*  m  the  Auetufrt.ie’su  (Pig.  4(b|l  In  the  separator  flow-  aw>  not  significant,  however.  there 

la  a  trend  showing  a  slight  iiwrttas*?  m  Intensity  with  luerasaiBg  Mach  number. 
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of  the  nearby  *hwr.W  wave  ass)  attached  to  rise  lent  boundary 
layer.  Shock  spectra  are  characterised  by  a  very  steep 
slope  and  high  IttUMutiU#*  at  low  fty^uettele*.  The  tf?vr«#t 

fttKpi&tctes  In  t.h*s»  tj»*a  are  to  He.  tfse  separ Atetl-flow 
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reduced-frequency  parameters  investigated  ware:  f6  /U  ,  f6*/U  ,  fS  /U.  f(S  -  x  )/U  ,  ffi/U  ,  and 

Mi.  • 

It  became  evident  early  in  the  investigation  that  there  was  no  reduced-frequency  or  spectral -density 
parameter  that  was  the  most  effective  for  scaling  the  data  from  the  many  models,  particularly  for  separated  flow, 
for  the  full  range  of  frequencies  considered.  (Certain  characteristics  of  the  pressure  fluctuations  were  found  to  be 
different  within  different  ranges  of  reduced  frequencies.)  It  was  clear  however,  that  the  parameters  fo/U  and 
S8  -  xs)U  Involving  local  boundary-layer  thicknc-8  or  flow-separation  dimensions  and  local  velocity  we-'e  best  for 
scaling  frequencies  In  sepa  ated  flow.  L  s  paper,  since  both  attached  sad  separated  boundary  layers  are  considered, 
the  nondimensionalizfttion  of  spectra  are  Illustrated  In  terms  of  f6/U.  The  data  used  for  the  response  computation  are 
also  presented  in  terms  of  f6/U®  Blnce  the  local  velocity  in  the  separated  region  is  frequently  not  aval'  Me  and  also 
since  differences  in  scaling  with  U  vs  U®  are  relatively  minor.  Also  minor  differences  were  found  in  the  effective¬ 
ness  of  free-stream  versus  local  dynamic  pressure  for  scaling  the  spectral  density;  therefore,  the  choice  has  been 
made  in  favor  of  the  more  conveniently  available  q®. 


Local  boundary  layer  thicknesses  used  for  scaling  the  pressure-fluctuation  data  were  based  on  measure¬ 
ments  of  boundary-layer  profiles  for  all  the  attached-flow  teet  cases  aud  on  profiles  measured  within  the  separated 
flow  region  on  the  d  =  0.264  m,  h  -  0.0608  m,  ft  =  45°  model.  The  separated-flow  boundary  layer  measurements  are 
shown  in  Fig.  6  to  illustrate  that  the  Boundary-layer  growth  rearward  from  the  separation  point  was  sufficiently  linear 

to  allow  a  simple  linear  interpolation  of  focal  boundarv- 
S*45"  h  •  ,0508 m  layer  thickness.  Local  boundary-layer  thicknesses  in 

10  m  s  m  -'f _  separated  flow  were  therefore  estimated  for  all  the  models 

j  <,  i.6  ,2oa  from  the  relationship  6  =  6Q  +  h  (Sg  -  xa)/Sg. 


8-s0  |  ♦  2.5  .irs  h<s -x  )  T^pical-Bcallng'of  spectral  measurements 

h  5  S»80  +  — obtained  on  the  different  models  at  M  =  2. 0  is  illustrated 

-O'"®  in  Fig.  7.  The  spectrum  selected  for  each  model  repre- 

sents  an  approximate  mean  of  from  10  to  20  measurements, 

0  ^ - jj. - - — £ - - and  in  most  of  the  separated  flow  cases  the  mean  spectrum 

Xj/Ss'  '  was  obtained  near  the  center  of  the  sepa  ded  flow  region. 

The  closeness  of  fit  of  the  spectra  scaled  by  the  reduced 
Figure  6.  Boundary-layer  thickness  frequency  parameter  f6/U  (Ffg.  7)  illustrates  about  the 

of  separated  flow.  best  attainable  collapse  of  data.  Most  of  the  separated 

flow  results  fit  within  a  factor-of-two  spread  on  the  mean- 
squared  spectral  density  scale.  This  Is  considered  a  good  fit  of  random  dynamic  data  obtained  on  so  many  different 
models,  and  Indicates  relative  independence  of  the  pressure-fluctuation  characteristics  on  geometry, 
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Figure  6.  Boundary-layer  thickness 
of  separated  flow. 
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Figure  7.  Scaling  of  pow-  .  spect.a. 


2.2.2  Maoh  Number 


Tin  variation  of  power  spectra  in  attached  and  separated  flows  between  Mach  numbers  of  1,6  nnd  6.5  is 
shown  In  Fig.  8,  Bach  of  theso  spectra  represents  an  overage  of  from  10  to  20  spectra  measured  on  a  rigid  plate 
installed  In  too  "panel-response"  test  fixture  in  the  walls  of  the  Ames  9-  by  7-foot  SWT  and  8-  by  7-foot  SWT.  Those 
data  form  tho  basis  of  tho  representation  of  the  excitation  ipectrum  used  for  panel  response  calculations.  Note  that 
the  data  ore  no.,  ■’.imensiotnllzed  by  fre*.  stream  velocity. 


The  power  spectra  for  attaohed  flow  generally  are  very  similar  for  all  Mach  numbers  with  tho  exception  of 
a  slightly  lower  measured  spectrum  at  M  3  3.  There  is  a  reasonably  lonelstent  trend  at  low  reduced  frequencies, 
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Figure  8.  Variation  of  power  spectra  with  Mach  number. 

ffi/U^,  <  0.  05,  that  indicates  a  reduction  in  spectrum  level  with  increasing  Mach  number.  These  variations  should  be 
taken  lightly,  however,  because  of  reduced  statistical  accuracy  of  analysis  at  the  lower  frequencies.  In  contrast  with 
the  attached  flow  case  the  power  spectra  measured  in  the  separated  flow  show  a  very  consistent  variation  with  Mach 
number.  The  spectral  levels  decrease  with  increasing  Mach  number  at  f6/U^<  0.3  and  increase  with  Increasing 
Mach  number  at  f6/Uro  >  0.3.  These  results  illustrate  the  separation  of  frequency  regimes  at  f6/U«  *  0.3,  to  each 
regime  the  pressure  fluctuations  are  dependent  upon  different  phenomena.  The  surface  pressure  measurements  in  the 
lower  frequency  region  are  mainly  sensitive  to  the  transmitted  fluid  fluctuations  to  the  turbulent  flew  of  the  separated 
boundary  layer;  the  radiated  energy  is  negligible.  In  the  higher  frequency  region,  it  is  believed  that  the  surface  pres¬ 
sure  fluctuations  are  strongly  influenced  by  an  eddy  Mach  wave  radiation  phenomena.  This  phenomena  was  investigated 
by  Ffowcs-Wiiliams  (ref.  18),  and  although  his  results  do  not  apply  to  the  study  of  surface  pressure  fluctuations  a  s'udy 
currently  In  progress  by  Dr.  Richard  D.  Rechtien  of  the  University  of  Missouri,  Rolla,  Missouri,  (NASA-Auies  Grant) 
indicates  a  dependence  of  these  data  on  Mach  wave  radiation. 

2.  a  Spatial  Correlation  of  Pressure  Fluctuations  - 


Chyu  and  Hanty  (ref.  4)  presented  some  data 
from  this  Investigation  that  showed  the  power  and  cross 
spectra  and  space-time  correlations  of  fluctuating  pres¬ 
sures  underlying  the  supersonic  attached  bor  dary  layer 
on  the  0,254-m  diameter  ogive  cylinder  and  ihe  separated 
boundary  layer  ahead  of  the  0.  0508-m  high  frustum. 

Among  other  things,  they  Inveatigateu  the  co-  nnd  quad- 
spectra!  density  and  coherence  as  functions  of  a  wave  num¬ 
ber  parameter  f£j/Uc(f),  Illustrative  coherence  functions 
are  shown  In  Fig.  9.  The  results  Indicate  a  similarity 
between  the  coherence  measurements  in  attached  and 
separated  flow  at  supersonic  Mach  numbers,  but  only  If 
the  velocity  term  is  U0(f).  The  use  of  convection  velocity 
Instead  of  free-stream  velocity  Is  necessary,  since  for 
separated  flow,  Uc(f)  varies  significantly  with  frequency. 
The  general  trends  of  the  data  are  also  similar  to  the 
subsonic-flow  measurements  by  Bull  (ref.  11).  It  can  be 
seen  that  the  envelope  of  the  coherence  functions  for  vari¬ 
ous  spatial  distances  £j/6*  decreases  exponentially  with 
increasing  frequency,  however,  the  envelope  unfortunately 
represents  the  coherei.ee  only  at  high  frequencies. 

Chyu  and  Ac. -Yang  (ref.  12)  used  Bull's 
coherence  data  to  represent  the  subsonic  attached¬ 
boundary-layer  spatial  correlation  for  application  to  the 
response  computation.  The  fact  that  the  cohorence  func¬ 
tions  do  not  collapse  complicates  the  empirical  expression 
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Figure  9,  Longitudinal  coherence  of  pressure 
fluctuations. 


of  correlation/  sad  therefore,  a  different  approach  has  more  recently  bean  investigated.  As  suggested  by  Rechtiea 
the  normalized  moduli  oi She  cross  spectral  densities,  r  jGg<C,!}Sti£)r31,  for  available  or  selected  transducer  spacinga 
have  been  curve-fitted  to  the  exponential  function  |G,.(4,  f)inorm  =*  e“^a  by  the  method  of  least  squares  to  obtain  a  non- 
cjlmensional  attenuation-coefficient  function  Typical  moduli  of  the  cross-spectral  densities  of  the  pressure 

fluofuatioisa  in  separated  flow  that  were  used  for  the  evaluation  of  the  attenuation  coefficient  are  shown  in  Fig.  10. 


Figure  11  shows  tiib  attenuation-coefflcient  function  measured  in  separated  flow  on  the  0. 254-m  diameter 
model  with  the  0.0508-m  high  45“  frustum  shoulder  to  Illustrate  its  effectiveness  of  describing  spatial  correlation. 
rThe  function  Is  shown  to  be  reasonably  independent  of  the  number  of  moduli,  the  transducer  spacing,  or  the  reference 
locations  involved  in  the  curve  fitting.  The«»  results  indicate  that  the  flow  is  relatively  homogeneous  within  the  limited 
area  of  the  separated  flew  region  where  the  measurements  were  obtained.  It  appears  that  the  attenuation  coefficients 
decreased  slightly  at  higher  freqimicies  as  the  larger  transducer  spaoingB  were  used  in  the  analysis.  The  variation  is 
considered  insignificant,  however,  In  light  of  the  state  of  the  art  of  the  structural  part  of  the  problem  of  predicting 
response  to  random  turbulence.  Attenuation  coefficients  obtained  from  transducer  arrays  oriented  longitudinally, 
diagonally,  and  laterally  to  the  free-stream  flow  indicate  that  ‘he  decay  of  correlated  turbulence  was  independent  of 
orientation  at  f8/U  <  0, 06,  The  nredominant  turbulence  is  therefore  aonconvectlve  at  the  lower  frequencies,  and  con¬ 
tours  of  equal  spatial  correlation  would  be  circular,  At  ffi/U  >  0.  58  the  attenuation  coefficients  were  progressively 
lower  as  the  angularity  of  the  transducer  orientation  ubenged  from  lateral  to  longitudinal.,  indicating  extended  corrcla- .. 
tion  In  the  direction  of  .r&a-atream  flow.  •  _  ' 
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Figure  11.  Attenuation  coefficients  measured  on  the 
0. 254-m  diameter  model  in  the  region 
of  separated  flow,  h  =  0.0508  m, 

0  *  45“. 


A  comparison  of  longitudinal  attenuation  coefficient  functions  obtained  on  the  different  models  In  separated 
flow  is  Shown  in  Fig.  12  to  Illustrate  the  effectiveness  of  a  6  for  scaling  for  separated  flow.  The  results  indicate  that 
the  nondimonslonalizod  attenuation  coefficients  were  in  relatively  good  agreement,  showing  a  total  spread  between  all 
the  curves  of  generally  loss  than  a  faotor  of  two. 


Typical  longitudinal  attenuation  coefficients  at  Mach  numbers  from  1.8  to  3.8  are  shown  in  Fig.  13  for  both 
attached  and  separated  flow  on  the  wind  tunnel  walls,  As  with  the  spectra  (Fig.  8)  the  separated  flow  data  show  a  more 
consistent  variation  with  Mach  number  than  the  attached  flow  data,  particularly  at  the  lower  frequencies.  The  reaulta 
show  that  the  pressure  fluctuations  in  attached  flow  were  most  highly  correlated  at  f6/U«,  <w  0. 4;  whereas,  In  separated 
flow  the  maximum  correlation  occurred  at  the  lowost  frequencies.  The  dips  in  separated  flow  curves  in  the  fre¬ 
quency  range  0. 3  <  f6/U»  <1.3  Indicate  Increased  correlation  that  la  believod  to  result  from  the  Maoh  wave  radiation 
phenomena  discussed  in  connection  with  the  observed  Maoh  number  effeots  on  power  spectra. 
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Figure  12.  Scaling  of  attenuation  coefficients. 


The  convection  of  turbulence  in  attached  and 
separated  boundary  layers  results  in  an  angle  of  phase 
between  spatially  correlated  components  of  pressure.  Since 
this  phase  angle  can  result  in  matching'  of  panel  flexural 
waves  and  pressure  waves  and  thus  cause  an  enhancement 
of  response,  it  is  necessary  that  it  be  accounted  for  in 
eaponse  computations.  Convection  of  the  surface-pressure 
fluctuations  can  be  studied  directly  in  terms  of  convection 
velocities  or  in  terms  of  the  phase  angles  of  the  cross 
spectra.  The  broadband  convection  velocity  derived  from 
space-time  correlations  is  the  most  convenient  desertion 
of  convection  characteristics  for  attached  flow,  but  Chyu 
and  Hanly  (ref.  4)  showed  that  it  is  inappropriate  for 
separated  flow  since  convection  velocities  vary  with 
frequency. 
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Figure  13.  Effect  of  Mach  number  on  longitudinal  attenuation  coefficients. 


Typical  phase  angles  that  result  from  convection  of  the  turbulence  in  separated  flow  are  shown  in  Fig.  14. 
The  data  were  obtained  on  the  0.254-m  diameter  model  with  axisymmetric  flow  and  show  the  effects  of  the  angular 

orientation  of  a  transducer  array  to  the  free-stream  flow 
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Figure  14.  Typical  phase  angles  of  cross  spectra  of 
pressure  fluctuations  underlying 
separated  flow. 


direction.  At  low  frequencies,  f  <  300  Hz,  the  phase  angles 
were  zero  for  all  angular  orientations.  A  zero  phase  angle 
indicates  a  zero  or  Infinite  speed  of  convection  of  the  pres¬ 
sure  fluctuations  between  two  points,  ns  would  exist  with  a 
stationary  pulsating  bubble  or  for  normal  incidence  of  an 
acoustic  radiation  process.  The  equivalent  of  the  pulsating 
bubble  could  occur  if  the  turbulence  is  related  to  fore-and- 
aft  oscillations  of  the  detached  shock  wave.  The  phase- 
angle  measurements  generally  indicate  an  absence  of  lateral 
convection  in  the  separated  flow  over  the  full  range  of  fre¬ 
quencies  investigated.  This  result  was  evidenced  by  the 
near  zero  late  rat  measurements  and  by  the  agieement 
between  longitudinal  and  diagonal  measurements  of  A/£j 
(phnse  angle  per  meter  of  longitudinal  component  oi  trans¬ 
ducer  spacing). 

2,5  Narrow- Band  Convection  Velocities 


When  significant  phase  angles  are  measured, 
they  can  be  converted  to  convection  velocities,  as  defined 
by  300f((j/p),  and  thus  reveal  tho  narrow-band  convec¬ 
tion  characteristics  of  the  turbulence,  Figure  15  shows  that 
on  the  0,Vi64~m  diameter  model,  the  convection  velooitios 
of  the  pressure  field  in  separated  flow  varied  from  a  mini¬ 
mum  of  approximately  0, 2  U  at  f6/U  #0 .6  toa  plateau 
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near  0. 8  U  at  f6/U  »  0. 8.  The  variation  of  convection 
speed  with  frequency  infers  that  the  predominant  turbulence 
av  different  frequencies  between  0. 03  <  f6/U  <  0. 8  is  gen¬ 
erated  at  different  levels  of  the  boundary  layer  ranging  from 
slightly  above  the  zero  velocity  line  to  the  free-ehear  layer. 
Upstream  convection  was  not  detected  between  points  within 
the  separated  flow  region.  The  turbulent  eddies  generated 
In  the  reverse  flow  region  apparently  contribute  little  to 
the  wall-pressure  fluctuations.  With  the  exception  of  the 
low  frequency  region  of  f6/U  <  0. 06,  the  convection 
velocities  were  relatively  unaffeoted  by  transducer  spacing 
or  reference  location.  It  is  also  shown  that  they  can  be 
effectively  scaled  by  the  reduced  frequency  parameter  f6/U. 


o  - 2.12  0  Representative  narrow-band  convection  velocities 

frustum  -  shoulder  height  in  attached  and  separated  flows  on  the  walls  of  the  9-  by  7-foot 

M  c2  0  SWT  and  8-  by  7-foot  SWT  at  the  location  of  the  panel  response 

1,0  r  __  h  ®  x'/h  £/h  test  fixture  are  shown  in  Fig.  16.  It  can  be  seen  that  for 

.  l  _ *  2sg5  |  'co  attached  flow  there  was  no  significant  variation  in  the  ratio 

.  \  . .  ,'0254  ;[os  loo  of  convection  velocity  to  free-stream  velocity 

- •°508  2-75  .50  (Uc(f)/U»  «  0. 75)  with  frequency  or  Mach  number.  The 

0L  .i-.i.iuuii  ...i.i.xmui — 1. 1  mmi  "JI'2032  2  27  '50  variation  of  convection  velocity  with  frequency  in  separated 

10  10  ^  1,0  10  flow  was  previously  discussed  in  connection  with  Fig.  IS. 

This  variation  with  frequency  was  relatively  unaffected  by 
Figure  15.  Typical  narrow-band  convection  velocities.  Mach  number  at  fS/U®  <  0. 6.  The  plateau  values  of 

nearly  constant  Uc/Ua,  at  f6/Um  >  1, 0,  however,,  varied 
inversely  with  Mach  number  (with  the  exception  of  the  M„  =  3. 5  data)  so  that  the  absolute  convection  velocity,  Uc, 
was  nearly  constant.  The  convection  velocity  in  this  plateau  region  varied  from  approximately  354  m/sec  (1150  fps) 
at  *  1. 7  to  366  m/sec  (1200  fps)  at  Mo> 31  3. 0.  The  reduced  frequencies  where  the  beginning  of  the  plateau  occurs 
can  be  identified  with  changes  in  the  characteristics  of  the  power  spectra  and  attenuation  coefficients. 


Figure  15.  Typical  narrow-band  convection  velocities. 


ATTACHED  FLOW 
0*oo 


SEPARATED  FLOW 
D-w  9*9 O'  h»  .2032  m 


M 

8,  m 

M 

8,  m 

-  1.6 

.122 

-  1.7 

.188 

- 2.0 

.110 

- 2.0 

.185 

.  2.5 

.109 

.  2.5 

.185 

- 3.0 

.122 

- 3,0 

.208 

- 3.5 

.135 

-  3.5 

.211 

I0"1  1.0 

fS/Ua) 


to  10" 


- - 1 - 1 — L_l.-U.l-U _ 

,-2  irrl 


I0'1  1.0 

f8/Ua) 


Figure  16.  Variation  of  narrow-band  oonvection  velocities  with  Mach  number. 

2. 6  Representation  of  Surface-Pressure  Fluctuations 

The  fundamental  Information  needed  to  describe  the  excitation  of  a  structure  underlying  a  turbulent  flow  is 
the  cross  spectral  density  of  the  fluctuating  pressures. 

In  a  homogeneous  turbulence  the  cross  speotra  oan  be  expressed  in  the  form 


...  , 

— Mrl'  'I* 


whore  |d~(5,,  W)|  Is  the  oross  correlation  coefficient  between  two  points  separated  by  distance  and  in  the 

x,  and  Xj  directions.  Experimental  data  have  also  shown  that  the  correlation  coefficient  con  be  separated  in  coor- 


aatea  os  follows: 


where 


0~(  Sj.  0,  u>)|  =  exp  [-*^3  and 


?2, «){  =*  exp  C-a^] . 


The  convection  velocity  U0  is  related  to  the  phase  angle  4  of  the  cross  spectral  density  of  the  fluctuating  pressure  by 
U0  *  360  f£j/4.  For  this  investigation,  it  has  been  chosen  to  represent  Uc  in  terms  of  4  since  U0  varies  significantly 
with  f  for  separated  flow  and  since  4  ■*  0*,  Uc  -  ®.  It  should  also  be  noted  that  4/4  j  is  an  independent  function  of  f 
and  is  therefore  not  scaled  by  a  reduced  frequency  parameter. 

To  derive  expressions  that  represent  the  selected  functions  used  to  describe  the  fluctuating  pressures  in 
supersonic  attached  and  separated  turbulent  boundary  layers,  the  large  amount  of  experimental  data  previously  dis- 
*  oussed  have  been  averaged  at  each  test  Mach  number  (1. 6,  2.0,  2. 5,  3. 0,  3. 5)  and  approximate  means  of  the  envelopes 
of  these  data  have  been  curve-fitted  as  shown  in  Fig.  17. 
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Figure  17.  Representation  of  surfaoo-pressuro  fluctuations. 
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ft  can  be  shown  that  for  a  panel  with  damped  edges  $  lakes  on  different  forms  according  to  whether  m  is  even 
or  odd:  “ 

a)  If  m  is  odd, 


m  1 


where  are  the  roots  d  the  equation 
m 


Am^ 


cosy  |~  - “|  +  K  coehy 
fm\l,  2  m  m 


and 


y  y 

^  m  ,  .  .  ru  . 

tan  —  *  tanb  d 


,  aHyJi 
1  alci(V2) 


(15) 


b)  If  m  is  even, 


w 


A  JT 
nr  1 


(16) 


where  y  ore  the  roots  of  the  equation 
tn 


y  y 

tan  -  tanh  -j~’ »  0 


By  using  tho  orthogonality  condition  of  the  moda -shape  function,  tha  normalising  factors  can  be  found  to  be 
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ISy 

v  m 


m  Z 


m 


where 


Z  »y  +  slay  ♦'K  ''(sinhy  *y  )  Mini# odd 
m  m  m  at  ■  ®  nt 

<•  y  -  sin  y  ♦  IS  (oidt  y_  -  y,J  if  m  is  oven 
nt  in  at  At  ut 


Tha  genoraUaod  coordinates  q^(t)  eatlaliea  the  Lagraag<J  equation 


whore  ike  generalised  mass 


m 


and 


K  -  atw 

df  « 


Kv 

C  -- ttA 

Q  b! 


bare  t»a  is  tho  comblrtod  loss  factor  for  both  structural  and  viscous  damping.  The  pme»latift»  of  art  requires  that 
must  be  tnaaaurcd  experiiaaaially.  Tho  Fourier  transform  of  tho  lajtraugo  2q.  (*.?)  takc-a  -ibe  form 

Qa(W)  -  H0(b>)2ryo!)  (1«) 


sfe- 


■  M'v 


Equations  (12)  sod  (18)  together  give 


l  +  l^j 


W(x,  W)  -V  Ha(«4Fv(<^a^ 


The  displacement  power-spec  trsl  density  is  related  to  W,f(x,  to)  by 

Sd  (x.  w)  =  Llm  WT»(s,  to)  W.r  (x,  w)  (21 

T-« 

where  WT  la  the  truncated  Fourier  transform  of  w.  Equations  (IT),  (18),  (20),  and  (21)  together  give  the  displace¬ 
ment  power  spectral  density  in  the  farm: 
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Utttv  Vuir)  are  the  ttanaalltosl  too&t^sKtpe  fUtWifoos,  ospresstti!  by  Eqg.  (IS)"  tad  (10)  ,th  f  replaced  by  uatty.  lt>« 
P*ss»i«a3f  •ignlfteascs  o#  tits  etntetural  acceptance*  tm  is  dlscuasod  by  Rat  IS.  The  pressure  correlation  eoeftictobU 
Pg  are  e*p*tiswnUHy  atent  to  bo-  related  to  toe  cross  »;  ur«i  dsnaity  of  too  tiueUialing  preuwre  to  a  hoostgoewou* 
Krhuletws  had  eas  t»  expressed  by 


tjw' “I1 W®*  H  h?^  v  *>| e 


‘twVWc 


The  strains  in  the  Xj  sod  so,  cirecUoa*  of  a  rectuyulfer  plats  are  related  to  tbs  displace  moot  w  by 
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where 


,2 
a  w 


ax. 


2  * 


a2w 

ax.,2 


are  the  curvatures  in  Xj  and  directions.  The  strain  spectrum  can  be  obtained  by 


S  (x,u>)«  Urn  ~E*  (x,  o>)  E  (x,  u>) 
1  T-»  T  T 


(28) 


where  Ej  ia  the  truncated  Fourier  Uiasform  of  in  Eq.  (27),  and  can  bo  expressed  by 
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Equations  (28-30)  together  with  the  express  too  for  i'  in  Kqs.  (IS)  and  (16)  giw  tho  strain  power  spectrum 
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3.3  ftoatsOMO  M?g^oreiy.c.*>is  snd 


A*  briefly  described  is  the  stumhiction.  miu  tors*  bean  eeedvreted  t»  nssoiiuro  the  titapl  acosnebt  sad  strain 
mppahe  of  several  pansla  of  dtfloreat  widths,  aad  tfdcisacssea  |»  xupscsoele  sitsclw*!  ass!  9e}»*reted  flows 

to  mixes!  flow  with  a  shsdJt  wave  panitlotvad  on  the  ftomil*.  the  «f(xtnw  testa  el  the  total  input*' respeuec  toreslfg*- 
t'.«i  hsv*  only  rv^aclty  heist  completed  sad  Oettfim  the  following  result*  are  *s>wv5>*f»at  preliminary.  All  the  pane)*' 
tested  we  so  euteimitod  of  sagswstuia  having  the  fellow-tog  (KoporUee: 

fi  *4.4S*lO>d  NAn2  ' 


<>  *  S7-S3  Kerm 
P  «  0, 25 

the  f  irst  poAel «  selected  for  aaslyela  had  tiw  same  dlmsaslons  with  Ij  »  0.3348  s>.  •  0.S2S8  so,  »j/lj  »  4/4,  tail 

iwvi difiareui  thickness**  d  »  0.0*518  »  and  d  *  0. 0*235  f». 

it  was  recb^afsxd  prser  to  Uw  tost*  that  the  InstsHwtieti  of  strain  gages  ©n  Use  pxbcla  could  affect  tfeo  stiff  - 
nets  tad  aymuv..’tty  «i  re*i«a«M  and  therefor*  esotfM  cottjr  roosts*  the-  comparison  befr/ren  measure  snenu  and  cotapoto- 
tisstuk  Si»oe  sirifti  u  a  trey  elsmsnl  to  f*Ugus,  however,  it  eti  considered  mere  Important  to  include  the  strain  gages 
to  verify  the  strain  eotnpvUUictti.  it  twocid  have  been  dosirahio  to  cocdcci  sojetfito  dtsplexwcnoct  resfoase  tests,  but 
this  was  odsootrictdly  isapfscticsl. 

3.2.1  Evttgiy.x  Otmp.tog 

to  Eq.  (tS)  f0  is  the  combined  loss  ffactur  for  t<Se  co-mpkto  UnsctoraC  slrslnaatn  system.  Ttw  toss  factor 
therefore  tela*  tote  se«*wt  the  effect  of  tsysiamlc  dampir^  a*  well  ns  sisoou*  damping.  The  lauor  includes  this 
interaction  of  panel  motion  on  the  flow  ftoki  wUhia  awl  ouUido  the  boundary  layer,  and  the  effect  of  acousiicel  nediaiioo 
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into  tha  interior  of  tho  structure  (cavity)  and  into  the  exterior  flow  field.  Although  the  development  (by  Dowell,  ref,  17) 
of  an  analytical  method  for  the  determination  oi‘  the  aerodynamic  damping  part  of  the  loss  factor  is  in  progress,  the 
present  state  of  a-  requires  that  must  be  estimated  from  experience  or  measured  experimentally. 

Tho  loss  factors  used  for  the  computations  of  panel  response  as  presented  in  this  paper  have  been  measured 
from  the  autocorrelations  of  the  response-time  histories  for  the  specific  panels  of  interest.  Representative  loss-factor 
measurements  for  a  0. 3048-m  long,  0.2286-m  wide  by  0. 00235-m  thick  magnesium  panel  are  shown  in  Fig.  19  for  both 

attached  and  separated  flows.  The  results  Indicate  that  only 
the  damping  of  the  first  mode  is  significantly  higher  than  the 
damping  of  all  other  modes.  The  first  mode  damping  was 
slightly  higher  In  separated  flow  then  in  attached  flow,  but 
all  other  modes  were  relatively  unaffected  by  the  flow  condi¬ 
tion.  The  effeots  of  Maoh  number  are  not  clearly  defined 
although  it  is  evident  that  the  effects  are  not  large  for  tho 
range  of  Mach  numbers  investigated,  it  is  expected  that  the 
damping  would  increase  significantly  for  tho  attached  flow 
case  at  1,6  >  M  >  1.0.  Muhlstein  (ref.  18)  has  Bhown  total- 
system-damping  measurements  in  attached  flow  at  Mach 
numbers  between  1. 1  and  1.4  that  decrease  a  full  decade 
between  M“  1.1  and  M  »  1,4.  Hia  results  at  M  ■  1.4, 
although  for  a  muoh  thinner  boundary  layer  relative  to  tho. 
panel  length,  are  consistent  with  the  results  in  Fig,  19. 

3.2.2  Displacement  Response 

Illustrative  measurements  and  computations  of 
the  powor-spoctrui  densities  of  displacement  of  the 
Q,  00U8-m  thick  panel  are  shown  in  Fig.  20  for  M*  *  2,5.  Measurements  are  ohown  for  the  probe  locations  indicated 
in  the  inset  panel  sketches.  Corresponding  computations  for  the  same  locations  are  shown  only  for  the  peak  displace¬ 
ments  at  measured  resonance  frequencies.  Tho  computer  program  computes  the.  complete  spectrum,  but  this  has  been 
omitted  to  simplify  tho  figures.  Tho  results  show  similar  trends  between  attached  and  separated  flows  in  the  resjxmHU 
of  most  modes  as  a  function  of  frequency.  The  first  mode  predominated  tho  displacement,  as  would  be  expected.  The  , 
relative  displacements  between  attached  and  separated  flows  are  in  tha  same  proportion  09  the  input  spectra  (Fig.  1?). 
Thu*  the.  spatial  correlation  difference?  between  attached  end  separated  flows  buv«  only  a  subtle  influence,  on  the 
response  dharaetei'istios.  It  was  originally  planned  to  present  longitudinal  and  lateral  acceptances  as  a  function  of 
frequency  to  Illustrate  spatial  correlation  effects,  hut  those  results  wore  not  available  in  time  to  be  included  in  the  paper, 

Tho  comparison  between  measured  and  computed  displacement  spectral  (fonsitias  at  resonance  generally . 
show#  similar  trends  with  frequency  with  the  computed  displacements  from  about  two  to  ten  times  higher  than  the  meas¬ 
ured  dttpUmemoot*.  Although  tho  comparative  results  ere  •otisideml  good  and  within  state  of  art  for  random  excita¬ 
tion  and  re*f»n#e  phenomena,  dm  anxious  and  «ptl .matte  investigator  always  hope#  for  better  agreement,  Tho  first 
suspicion*  are  usually  directed  to  searching  for  computational  error*.  In  this  ease  tins  computer  program  and  measured 
spectr*  have  been  repeatedly  cheeked.  As  an  example  the  comparable  measured  spectra  have  been  rdrtateed  by  throe 
dlfforuat  analysis  System »  (2  digital  and  1  analog).  U  la  believed  that  tho  major  difference#  in  computed  saad  tsaftsared 
results  ape  duo  to  tho  MtumpUodS  in  the  analytical  method  that  U»  flow  field  is  uniform  and  homogencuus,  A»  obvious 
major  source  of  panel  response  asymmetry  is  the  longtiudlhal  pressure  variation  on  the  panel  in  separated  flew 
(Pig.  4(14),  A  #Ught  lateral  variation  in  static-  pressure-  was  also  found  on  Urn  trlwJ-tunnel  wall  in  the  region  of  the  p$8s$i 
for  the  atUchod  flow  case.  These  eSeets  are  somewhat  accounted  for,  but  net  entirely,  by  computing  the  response  spectra 
at  tho  measured  natural  fruqueoclea.  The  effects  of  the  strain-gate*  mounted  <s»  the  panel  are  also  not  accounted  for. 

3. 2.3  Strain  tteEixmre 

Typieei  measurement*  wtd.cteBpWsWca*  el  strain  response  pww  sjwetral  densities  arc  shown  in  Fig.  25. 

The  most  significant  feature  of  ihe  strains  i»  that  the  first  mods  Is  not  the  dominant  mode  s*  shown  ti  the  case  for  the 
displace cn*n!  tespon.se.  This  result  te  expected  since  the  strains  are  proportional  to  the  local  panel  curvature  a4l*«- 
otated  with  the  response  mode.  In  the  displacement  response  the  differences  between  the  attached  and  separated  flow 
ate  consistent  with  tfc*  difference  in  the  toicitaUpa  spectra.  There  is  also  about  the  same  order  «f  dlffereace*  between 
computations  and  me#  sure  Pm  nt*  of  sirs  A  few  characteristic*  of  the  sjx'etr*  iiullcstu  panel  distortion  and  asymmetry 
of  modes  os  discussed  in  3. 2.2.  An  example  is  the  measurement  os"  a  significant  strain  response  for  the  1-2  mode  at 
tho  pane!  center  point  which  should  bo  os  a  node  line. 

3.  3  Effect  of  Fin*7  Field  on  l)> splr.cn m* nt  Rcsixvnsp 

Ccuppariaotu  of  the  displacement  resjwnses  of  two  panel#  (d  *  0. 041  itj  m  sad  d  «  0.  00235  tn),  due  to  the 
exci  mitosis  of  attached  v;d  separated  and  mixed  flows  at  hi*  »  2. 5  are  shown  tn  Fig.  22.  The  respite  show  that  the 
response  amplitude*  Were  approximately  the  same  for  both  the  separated  flow-  and  mixed  flow  cases  even  tiKwgh  the 
excttsiiloa  spe  -*ra  are  significantly  different  In  the  region  of  tho  shock  wave  (Fig.  3).  Thu  increase  in  mixed  flow 
spectra  ai  f  <  ft;  to  consistent  with  the  higher  excitation  spectra  at  these  low  frequencies,  ft  la  interesting  that 
there  was  apparently  no  higher  degree  at  coupling  of  the  shock -oscillation#  in  mixed  flow  with  the  pane)  response  than 
occurred  in  the  fully  separated  flow  case.  For  the  mixed  flow  case,  tho  shock  wave  wss  positioned  near  the  center  o< 
the  panel#  The  extent  of  the  shock  wave  oscillations  relative  to  the  pare!  length  can  Us  soon  In  the  longitudinal  dialri- 
buuoa  of  the  fluctuating  pressures  shown  In  Fig.  4. 
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The  ratio  between  U»  attached  flow  and  separated  Up*  response  spoors  aw  approximately  the  *atm  for 
both  panel  thicknesses,  ••  'could  bg  CxpeeUsi;  ne<i»t  that  ait  uDesislaincd  brostfo'-nd  aswde  of  vibration  oercrrtMf  «t 
f  «i  ?90  H>,  o«  the  d  *  0. 00235  m  panel.  Significant  difference*  tp  ti}*r*aftl  {Pequeacte*  esn  ba  tseitjd  for  each 
fldir  cs»*.  The  fee-qwticlc#  9lfo>  do  not  stale  duvrtly' with  tfcteomeaff  or  sdlh  5te  asms  scale  factor  for  all  mode*  for 
the  two  pass!  tbSektvetSe*.  These  characteristic*  cs»  be  due  to  stiffness*  changes  nwwtircg  front  cwsymmciriciHoait- 
ing  or  mtdpSs*e  st  )>>$*«•  due  to  thermal'  effects,  or  due  to  ofeawpes  in  excitation;  however,  the  distortion  <4  the  uuede 
sbspea  by*  the.  tuwymmetrfcftl  loading  o»  the  papets  a*  tHacussoxS  in  5. 2.2  m  considered  to  be  the  awaf  probate  esai-se. 

4.  CONCLUDING  REMARKS 

A  largo  amount  of  expo ri mental  data  have  been  studied  to  determine  ^.Isc  characteHtrttca  of  aunrfnse-pts'ssute 
ffuctuiUnrsa  underlying  aupetaootc  attached  and  separated  turisuhmi  bmssidtiry  layer#  (M.  *1.6  to  3,  S),  ?n»  moat  effec¬ 
tive  parameters  for  mating  the  cbarseterlttics  dltnenslunlcas  have  been  eslabfsahetf.  Empirical  femute  have  tear 
derived  to  represent  tbs  nmstesdy  pressure  field#  to  each  of  th«  flow  regions,  a  method  of  unaSyuJa  o|  the  amplitude 
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a»«  s'traiP  ow ;**»«  <J  0«  «taeN»*-«3fe».  **«*)*  hs?  *tto  te>rn  ib«rM.  *&$  totimmi**  fcsv#  fee**  *»**>  fcss&wa 
*e*ptK#e  ateaswrettotete  aatf  f<*r  tustwl*  vstefcflytt^  Wh  tee  (tfusfced  ms  *e{sur*!«d  fUw*. 

T*.e  trvcsft*  «*  tee  p»e«a*e-«ui  urn  etwlts*  hswe  efctai*  Cut  tee  t'-srtsshmw  $****<*«  witess  utMt^  or 
ssSiarstssi  a™  it  re!«t;vely  twwageaeWsf*  tViKvqb  ****  iwc-o«.!t»vnB«k*  «*  tee-  itiK’fetftst  {ire*^res  ttwe  bean  isfessi- 
fsp«»  Tbe  (twitted  «fc«fwtenwt»  teet  <?eacrtH»  ti»  terfete  (iwbit^  yr*4»*«t**  ««a  ineffectively  $e*le*i  by  <-V 
.rre^woy  ftenwseter*  fi/C  of  Wv  aw  4te*tmtte*-^ift*;ea5  fotiMfett  »«  retire**^  tec  ***jrt%' 
**t***»XM  of  tee  moduli <4 tt*s  ?re*»  iqwtetrs  ha*  Wsi  *hs*a  n  be,  «*  appngtf-te**  to-  tSeeertee  «*  ajwii*} 

•MtrelMHn  of  tee  »r«*»tr*  ftcWs,  temwi  tmtgidstIUe*  in  iftg  »h*rws  of  pom*  4^dn  saa  »«**«*»»$ 

ecsstetelsate  aftd  wsa(ng«U«j  vetoes  **' «  ftsattiofl  of'  fne^iesoy  css  he  ttmtwted  cA*s£e*  >a  tee  ftredswiaa&i  sv<irce* 

s  «( u»  pwiisfei  m  traspaeacy  wi*». 

.  Ttssi  r**s?4S  ef  tf»  ssj»i  resfKJbse  studies  »«d}c*i*  teal  Cm  sw«&rf  c*  swatjsi*  prystSM*  1 1»  relsiWn  level* 

s-J  nMtfteM*  of  ttHMit  IRO*?*  ter  «tu»r  sllschesS  or  s*(w.fstr<t  ttow,  tea  sfmrctttity,  *jv«*r  the  «s«*-«5»#r« 

i  teste#  esr  strain*.  fs  is  befwvcd  t?ve‘<  tee  tUStefvseen  hctv-e*«  teswwt  atvoah  &j>4  r^is-.;  tersest*  recall  priBkrtt)'  f fots» 

j  tec  K3PS*».$ijiUrvrt  -A  tee  (V7 j>  that  Htw  f &l&£  itn  ysiftsTtv,  '  fcotasa^Cwe^sL  a-ber©**,  .--  csc^eifTibeMe  s^-slTi,** 

css?  tKxv.w'lerth  Mendy-etxte  {treat  red*  Tt*  dtffe  r*ac»;s  !n  fyafte!  rt^mm  between  tithes?  sswS  ttganM 

|  Sw»  «*«  «s»»*teRt  »ftte  tee  ai^rsatnutte  lht»e  d««ade  ebawSe  h  lie  ruatatteit  «peci|tu  tV*  rttpoc&e  of  psneltt  it,£b«. 

i  «o«suatM  »'  te(s»4  Hw»  with  *?  e«ctH«ttns  etenstt  way/;  tt«»  the  «est«r  of  the  «w*  „i§a?itcmH’  differrb;  tea* 

I  -  tt*  «r»jK«v.‘-- '  t©  Nested  ftw  «PW>  tter-hte  t*w  fix«R.\iio»  in  teo  «*?!»  e(  %  that*  e-*ve  hm  h$fb»r  ateyttafcte  and  differ- 

««4  f*ts?#f(K5r  cootteaft.  tetbrj^wMi  ere  UM  tee  •&**%  owciltelves*  dKS  tvn  to  «tsy  tog***  with  tee  p»>*l  tn-Hief ». 

i  ^  «<  M«»?-Atr*}rviafo  «>'«««»  w#e  rt-  Ativety  twsrsa«i  with  Mach  sutr-ber  S»t  tkateftMt  to**3  st^sfarv  b»tve«« 

|  H»  *  *«**  H»  *  ®- S*  -tift  daiaj«t«ic  t*S  tee  Dm  re*>A«\t  wotte  n»  *tewt  '&'%  higher  for  terareied now  tea*  ter 

|  alUebed  llew,  bsl  eftekndMr  tee  d*nsj>i^  «l  *11  »wdes  «a»  abe«d  tte?  *tnte  for  eiteer  fte-^  (»»dit}«ie 
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SUMMARY 

Three  different  stiffener  models  have  been  evaluated 
for  use  in  studying  the  dynamics  of  stiffened  plates.  The 
more  exact,  'complete1  beam  finite  element  seems  to  work  well, 
although  the  ad-hoc,  T-beam  approach  gives  nearly  the  same 
results.  Both  analyses  over  predict  the  predominately  stiffener 
modes.  The  'simple'  beam  element  underestimates  a  number  of 
frequencies  and  shiuld  probably  not  be  used.  A  rectangular 
cylindrical  shell  finite  element  has  been  derived  and  it  has 
been  used  to  study  the  dynamics  of  singly  curved  stiffened 
panels.  The  major  effect  of  curvature  is  to  increase  the 
lowest  frequencies  and  to  broaden  the  banded  nature  of  the 
result:;.  Higher  frequencies  are  little  affected  by  changes  in 
curvature. 


1.0  INTRODUCTION 

The  dynamic  analysis  of  stiffened  structures  continues  to  be  the  subject  of 
considerable  research  effort.  Many  techniques  for  predicting  natu- al  frequencies  and 
mode  shapes  have  been  formulated ;  notably  the  transfer  matrix  approach  [Ref,  1-3],  the 
wave  approach  [Ref.  4,5],  the  "exact"  approach  [Ref.  6,7]  and  the  finite  element  approach 
[Ref.  8-22], 

The  finite  element  method  is  the  mc3t  general  approach,  since  there  are  no 
restrictions  on  shaye  or  boundary  conditions.  The  accuracy  of  the  method  depends  upoi 
the  precision  of  the  elements  adopted  and  upon  the  number  of  elements  used;  these  sources 
of  error  are  well  understood  and  there  are  adequate  guidelines  available  to  ensure 
accurate  solutions.  Clear  guidelines  do  not  exist  however  for  choosing  the  type  of 
stiffener  element  to  be  utilized  and,  more  importantly,  ...e  method  to  be  employed  for 
linking  the  stiffener  elements  to  the  plate  elements.  This  paper  Investigates  various 
stiffener  models  .id  assesses  their  relative  merits.  As  well,  the  effects  of  curvature 
on  stiffened  plate  vibrations  is  briefly  explored, 

2.0  FINITE  ELEMENT  MODELLING  OF  STIFFENED  PLATES 

2 . 1  Literature  Review 

Lindberg  and  Olson  [8]  carried  out  one  of  the  earliest  stiffened  plate  finite 
element  dynamic  analyses.  They  used  non-conforming  plate  elements,  assumed  there  was  no 
stiffener-  bending  and  used  a  simple  torsional  beam  element  with  warping  accounted  for 
approximately.  All  in-plane  motion  was  neglected. 

More  recently,  Yurkovich  et  al.  [9]  employed  a  non-conforming,  non-converging 
triangular  plate  bending  element  together  with  a  beam  element  that  included  bending  torsion 
and  warping  effects.  They  concluded  that  warping  has  3  significant  effect  on  frequencies 
when  open  section  stiffeners  are  used.  Rudder  [10]  has  carried  out  a  detailed  analysis  of 
a  general,  thin-walled,  open-section  stiffener  element  including  all  bending,  torsion  and 
warping  effects,  Thi3  stiffener  is  linked  to  a  modified  conforming  plate  element. 
Unfortunately,  all  in-plane  motion  is  neglected,  so  the  in-plane  displacements  of  the  beam 
along  the  connect  line  are  constrained  to  be  zero. 

Olson  and  Lindberg  [11-13]  have  made  a  second  study  of  a  5-bay  stiffened  panel. 
They  used  high-precisicn ,  conforming,  triangular  plate  elements  and  accounted  for  beam 
bending  in  two  directions  plus  beam  torsion.  They  neglected  beam  warping,  since  their 
stiffener  cross-section  was  solid  and  rectanguJar.  In-plane  motions  were  again  neglected. 
Olson  and  Hazell  [14]  found  that  this  analysis  was  not  suitable  for  all  stiffened  plates, 
since  the  stiffener  bending  did  not  account  for  the  added  stiffness  of  the  plate  material 
adjacent  to  the  3tiffeners,  This  effect  was  accounted  for  in  an  ad-hoc  manner,  following 
Timoshenko  and  Goodier  [15],  by  calculating  the  beam  bending  moment  of  inertia  for  an 
equivalent  T-beam. 

In  all  the  above,  in-plane  displacements  have  beer,  neglected,  even  t  gh  the 
eccentric  stiffeners  provide  coupling  between  in-plane  and  out-of-plane  displacements.  For 
static  solutions  of  stiffened  plates  [16-22],  where  solutions  are  much  less  costly,  the 
in-plane  stiffness  of  the  plate  is  generally  included.  Stiffener  finite  elements  have  been 
obtained  in  two  ways;  firstly,  by  defining  the  beam  stiffness  matrix  about  its  centroid 
and  then  shifting  the  axis  to  the  connect  line  via  a  transformation  [21]  or  secondly,  by 
defining  the  strain  energy  of  the  beam  element  with  respect  to  the  connect  lin6. 


Three  finite  element  irodels  are  considered  in  this  paper,  the  ’simple'  model 
proposed  by  Olson  ar 3  Lindberg,  [11-13]  the  ad-hoc,  T-beem  approach  used  by  Olson  and 
da-zexl  U4J  ano  a  new  'complete'  approach  developed  herein.  All  three  models  emplov 
rectangular  conforming  finite  elements  to  model  the  plate  portions  of  the  structure 
These  elements  i.23]  are  based  upon  an  out-of-plane  displacement  function  containing' a 
Polyn°®ial  f',lus  higher  order  terms  and  in-plane  displacement  functions 
ne1compJe1 te  c^ic  polynomials  plus  higher  order  terms.  The  generalized  coordinates 
f  x  j  clen-nt  are  the  normal  displacement,  its  two  first  derivatives  plus  its  three 
second  derivatives  at  each  corner  plus  the  two  ir.-plane  displacements  and  their  two  first 
derivatives  at  eacn  corner  .for  a  total  of  43  degrees  of  freedom.  A  suitable  equating  of 
generalized  coordinates  at  adjacent  element  .nodes  provides  continuity  of  displacements 
?nd  nonna2-  s-*-0Pe  between  she  elements.  When  in-plane  motior  is  neglected,  only  the 

F-rli  of  5he  elenient  stiffness  matrix  is  used.  These  elements  are  fully  compatible 
with  the  triangular  elements  used  earlier,  [11-14],  *  y 

..  ,,Th?  'simple'  beam  element  model  of  Olson  and  Lindberg  is  depicted  in  Pig.  l  where 

..he  coordinate  system  Is  defined  through  the  centroid  of  the  rectangular  stiffener.  The 
normal  displacement  is  taken  as  a  quintic  polynomial  and  the  rotation  is  assumed  to  be 
cubic  to  permit  the  beam  and  plate  finite  elements  to  be  linked  together  in  a  conforming 
rashion.  In-plane  displacements  are  neglected.  The  generalized  coordinates  used  at  each 
end  are -the  deflection  and  its  first  two  derivatives  in  the  direction  of  the  bears  olus  the 
rotation  and  if,  first  derivative.  Equating  these  variables  with  the  corresponding  ones 
on  an  adjacent  prate  element  provides  continuity  of  bending  deflections  everywhere  between 
tne  two  elements.  The  strain  energy  expression  for  the  beam  element  is 
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ixx  ~  bh is'  the  bending  inertia  about  the  x-x  axis,  J  is  the  torsion  constant, 
defined  approximately  [24]  as  ‘  > 


II 

for  a  beam  of  rectangular  cross-section  and  Izz  -  hb^/12  the  area  moment  of  Inertia  about 
unG  z— z  ax is , . 


The  kinetic  energy  is  simply 


O  T  C  X, 

pbhto  f  2,  p  ow  f  2 
^ —  j  w  dy  +  — ~ —  j  (J>  dy 


2  2 

where  I0  »  fc-h(b  +4h  )/12  is  the  rotational  moment  of  inertia  about  the  point  0  in  Fip-.  l. 
The  strain  energy  of  warping  is  neglected  but  could  easily  be  incorporated  by  adding  to 


EC  r 


where  Cws  is  the  warping  constant. 

This  model  has  two  major  defects;  firstly  in-plane  motions  are  neglected  and 
secondxy  the  out-of-plane  stiffness  of  the  beam  will  inevitably  be  underestimated. 

Olson  and  Hazell  [3  ]  modified  this  model  by  choosing  an  ad-hoc  bending  stiff- 
ness  for  the  beam  and  attached  plate,  following  Ref.  [15].  This  approach  defines  the 
effective  bending  moment  of  inertia  of  the  stiffener  as  that  of  a  T-beam  where  the  arms 
2.f, the  1  are  portions  of  the  adjacent  plates,  some  9%  of  the  stiffener  length  in  width. 

This  ad-hoc  bending  stiffness  was  used  as  IXx  in  Eq,  (1). 

The  third  model  considered  in  this  paper  includes  the  effects  of  the  ln-plane 
motions  and  the  subsequent  coupling  between  axial,  bending  and  rotational  displacements 
in  the  beam.  Consider  the  beam  shown  in  Fig.  2,  where  the  coordinate  system  passes  through 
the  connection  point  at  the  top  of  the  beam.  To  match  the  cubic  in-plane  displacements 
and  rotation,  and  the  quintic  out-of-plane  displacement  of  the  plate  element,  w  is  chosen 
to  be  a  quintic  polynomial,  while  u,  v  and  <f>  are  chosen  to  be  cubic.  Then  the  strain 
energy  expression  for  the  element  becomes 
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where  Ix.xo  “  bh3/3  is  the  bending  moment  of  inertia  aboat  the  connection  line  and  A  is 
the  cross-sectional  area  of  the  stiffener.  If  all  in-p.'.ane  moments  of  inertia  are  to  be 
neglected  (to  reduce  the  subsequent  eigenvalue  problem  size),  the  kinetic  energy  remain.1- 
that  of  Eij.  (3).  The  above  derivation  holds  only  for  symmetrical  stiffeners;  in  general 
there  would  be  complete  coupling  between  u,  v,  w  and 

The  beam  and  plate  elements  of  all  three  models  are  linkeo  .  similar  fashion. 
Care  is  taken  to  ensure  continuity  between  elements  sc  that  a  conforming  finite  element 
model  is  obtained.  The  finite  width  of  the  stiffener  is  also  accounted  for.  Complete 
details  of  linkage  may  be  found  in  Ref . . [11-13 ] . 

In  all  cases  studied  herein,  in-plane  Inertias  are  neglected.  This  permits  a 
reduction  of  eigenvalue  problem  size  by  the  use  of  matrix  partitioning  without  the 
introduction  of  any  further  approximation. 

3.0  FLA?  PLATE  EXAMPLE  PROBLEM 


The  flat,  five-bay  stiffened  panel  shown  in  Fig.  3  was  analyzed  using  all  three 
models.  This  is  the  same  panel  previously  studied  by  Olson  and  Lindberg  [11-13 ]  and  good 
experlme-tal  results  are  available.  Only  one  quarter  of  the  plate  had  to  be  analyzed  since 
the  tot;  "oblem  wai  broken  down  into  four  sub-problems  by  invoking  the  double  symmetry 
of  the  p,  am.  The  finite  element  grid  used  in  this  analysis  is  also  shown  in  Fig.  3- 
The  prope.  „es  of  the  plate  are  as  follows: 

L  =  21",  W  =  8",  t  =  C.050",  b  =  0.25",  h  =0.50", 

E  =  10?  psi,  p  =  J. 000262  lb  sec2/inij,  v  »  0.3. 

The  frequency  re  "'its  of  this  analysis  are  given  in  Table  I,  together  with  the 
theoretical  and  analytical  results  of  Ref,  [11-13].  For  the  ’simple1  model,  the  results 
of  this  analysis  and  that  of  Ref.  [11-131  are  very  close.  The  results  found  using  tri¬ 
angular  plate  bending  elements  are  slightly  higher  than  those  found  using  rectangular 
plate  bending  elements  since  rectangular  elements  impose  fewer  constraints  on  total 
energy. 


The  results  found  using  the  ’simple’  representation  are  quite  good,  although 
there  Is  a  tendency  for  the  predicted  frequency  bands  to  be  smaller  than,  the  experimentally 
found  ones.  As  well,  several  modes  are  under  predicted,  contrary  to  the  expected  over 
prediction  of  a  conforming  model.  This  is  especially  true  for  the  predominantly  stiffener 
bending  modes  II— 1 4  and  confirms  that  the  bending  stiffness  cf  this  model  is  under¬ 
estimated. 


The  results  of  the  T-beain,  ad-hoc  model  and  the  ’complete’  model  are  remarkably 
close  to  each  other.  In  general,  the  results  using  these  models  are  slightly  higher  than 
those  found  using  the  ’simple’  model  arid  the  width  of  each  band  of  frequencies  is  some¬ 
what  larger,  Hence  they  are  closer  to  the  experimental  results.  For  the  predominately 
stiffener  bending  modes  11-14  (and  to  a  lesser  extent  for  modes  such  as  20-24  with  a  fair 
amount  of  predicted  3tiffener  bending),  the  ’complete’  model  over  predicts  the  frequencies 
(w.r.t.  experimental  results)  by  approximately  15?.  The  reason  for  such  large  differences, 
as  explained  in  Section  3.1,  is  that  the  experimental  boundary  conditions  are  not 
completely  rigid  and  the  beam  element  used  in  the  -.omplete’  model  is  very  sensitive  to 
small  variations  in  the  rotational  restraint  of  the  boundary  condition. 

The  first  few  mode  shapes  found  with  the  ’simple’  representation  and  the 
’complete’  model  are  given  Ir.  ;  'm.  4,  The  mode  shapes  predicted  with  the  ’complete’  model 
are  much  more  realistic  than  those  of  the  ’simple’  model,  confirming  that  the  ’complete’ 
model  works  well.  The  mode  shapes  found  using  the  ad-hoc  model  are  similar  to  those 
found  using  the  ’complete’  r.cdei. 

3 • 1  Effect  of  Rotational  Restraint  on  Beam  Stiffeners 


It  is  impossible  to  construct  an  infinitely  rigid  clamped  boundary  condition 
because  of  the  finite  modulus  of  elasticity  of  any  clamping  materjal.  The  effect  of  this 
finite  modulus  has  been  studied  by  Lindberg  [25]  and  by  Matusz  et  al.  [26].  The  rotational 
edge  constraint  for  a  beam  may  be  expressed  in  non-dimensional  form  as 

M  =  ~  6  8  (6) 

and  Matusz  et  al.  have  shown  that  £  =  2.262  L2/bh  for  a  half  plane  support  and  6  =  1.579 
I,2/bh  for  a  quarter  plane  support.  As  well,  they  have  shown  that  a  finite  support  must 
be  at  least  five  times  the  depth  of  the  beam  or  plate  before  it  can  he  considered 
’infinite’.  Lxndberg  has  found  a  similar  result  for  the  rotational  restraint  of  a  half 
plane  and  also  Indicates  that  a  typical  experimental  value  for  this  rotational  restraint 
is  1/2  to  1/3  of  the  theoret  1  '.al  value.  Typically  this  finite  rotational  restraint  causes 
a  reduction  in  natural  frequencies  of  some  1-4?. 

To  establish  the  effect  cf  boundary  conditions  for  this  particular  cas1',  the 
dynamics  of  a  stringer  alone  with  varying  rotational  end  constraints  was  studied,  using 
both  ’simple’,  uncoupled  beam  elements  and  ’complete’,  coupled  beam  elements.  Four 
finite  elements  were  used  to  model  the  beam  and  the  first  two  vertical  bending  and  two 
lateral  bending  modes  are  presented  in  Fig.  5,  For  clamped  boundary  conditions,  (£+»>) 
the  two  sets  of  natural  frequencies  are  nearly  the  same  (except  for  the  second  lateral 
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bending  mode).  The  'simply  supported1  boundary  conditions  (in  the  vertical  direction) 
differ  however,  so  a  difference  in  the  vertical  bending  frequencies  predicted  by  the  two 
models  is  found. 

Most  interestingly,  however,  the  'complete"  model  is  much  more  sensitive  to  a 
slight  reduction  in  the  vertical  rotational  restraint  at  the  boundaries  than  the  simple 
model.  For  example,  for  £  =  1160,  the  theoretical  limit  of  Eq.  (6),  the  vertical  bending 
frcy'cei-w'ie?  predicted  by  the  'simple'  model  have  dropped  an  expected  0.7?  but  the 
frequencies  predicted  by  the  'complete'  model  have  dropped  2.6?.  For  a  value  of  ?  =  400, 
a  re a) id tic  experimental  value  [25],  the  frequencies  predicted  by  the  'simple*  model  are 
lower  by  2?  while  those  predicted  by  the  'complete'  model  are  7.*- 

The  boundary  of  the  experimental  model  is  quite  massive,  but  it  is  still  only 
1"  thick  by  4"  wide.  Since  the  stiffeners  are  0.5"  deep,  it  is  clear  that  the  experimental 
boundary  condition  does  not  approach  the  theoretical  best  limit.  It  is  for  this  reason 
that  the  finite  element  results  of  the  'complete'  model  (Table  I)  are  considerably  higher 
than- the  experimental  results  for  the  predominately  stiffener  modes. 

4.0  ANALYSIS  OF  CURVED  STIFFENED  FLATES 

Many  stiffened  aircraft  structures  are  curved  in  one  direction.  At  present,  the 
only  analysis  methods  available  are  the  transfer  matrix  approach  [1,27]  and  finite  element 
methods.  The  transfer  matrix  method  is  quite  cumbersome  and  only  limited  results  have 
been  presented. 

For  this  study  the  flat  plate  element  used  herein  is  converted  into  a  rectangular 
cylindrical  shell  finite  element  following  the  theory  of  Ref,  [27].  This  element  remains 
compatible  with  the  triangular  element  of  Ref,-  [27].  The  'complete'  stiffener  model 
derived  in  Section  2  is  used  to  model  stiffeners  placed  along  the  generators  of  a 
cylindrical  shell.  The  analysis  of  a  stiffened  cylindrical  shell  then  proceeds  following 
Section  2,  with  one  modification  made  before  linking  beam  and  shell  elements  together. 

The  x-component.  of  the  rotation  vector  of  the  shell  is  defined  as  -wx  +  u/R  while  it  Is 
simply  -(f>  or  -wx  for  the  beam.  Hence  a  simple  transformation  must  be  applied  to  transform 
the  local  degrees  of  freedom  of  the  beam  element  to  match  those  of  the  shell  element. 

This  transformation  is  not  given  here  but  is  similar  to  that  used  in  Ref.  [28]. 

4.1  Curved  Models  Studied 


The  geometry  of  the  five-bay  panel  of  Section  3  was  selected  for  study  with  two 
different  radii  of  curvature,  R  =  40"  and  R  =  20".  A  finite  element  grid  similar  to  that 
for  Section  2  was  used  and  full  use  of  symmetry  was  made.  Again  in-plane  inertia  was 
neglected  so  that  matrix  partitioning  could  be  used  to  reduce  eigenvalue  problem  sizes. 

The  frequency  results  for  these  two  cases  are  given  in  Table  II  and  partially 
plotted  in  Fig,  6.  As  expected,  the  addition  of  the  curvature  affects  only  the  lowest 
modes.  Many  of  the  higher  modes,  especially  the  stiffener  modes  remain  virtually  unchanged. 
However,  since  the  lowest  modes  tend  to  be  the  most  critical  ones,  it  is  significant  that 
the  banded  nature  of  the  frequencies  tends  to  broaden  as  the  radius  of  curvature  is 
decreased.  The  first  few  mode  shapes  for  these  curved  models  are  plotted  in  Fig-  4,  There 
is  little  change  in  these  mode  shapes,  even  though  the  natural  frequencies  have  risen 
significantly. 

4 , 2  Comparison  with  Data  Sheets 


The  AGARD  Acoustic  Fatigue  Data  Sheets  [29]  give  methods  for  estimating  the 
natural  frequencies  of  both  flat  periodic  skin-stringer  structures  and  simple  singly- 
curved  plates.  The  predictions  for  the  three  plates  studied  herein  are  also  given  in 
Table  II,  It  is  interesting  to  see  that  the  finite  element  results  are  generally  bracketed 
by  the  data  sheet  results. 

5.0  CONCLUDING  REMARKS 

Three  different  stiffener  models  have  been  evaluated  for  use  in  studying  the 
dynamics  of  stiffened  plates.  The  more  exact,  'complete'  beam  finite  element  seems  to 
work  well,  although  the  ad-hoc,  T-beam  approach  gives  nearly  the  same  results.  Both 
analyses  over  predict  the  predominately  stiffener  modes.  The  mode  shapes  predicted  by 
these  i  .jo  models  are  more  realistic  than  those  predicted  by  the  'simple'  beam  element. 

The  'simple'  beam  element  also  underestimates  a  number  of  frequencies  and  should  probably 
not  be  cod. 

A  rectangular  cylindrical  shell  finite  element  has  been  derived  and  it  has  been 
used  to  study  the  dynamics  of  singly  curved  stiffened  panels.  The  major  effect  of 
curvature  is  to  increase  the  lowest  frequencies  and  to  broaden  the  banded  nature  of  the 
results.  Higher  frequencies  are  little  affected  by  changes  in  curvature.  Curvature 
appears  to  have  little  effect  on  the  mode  shapes. 
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TABLE  I:  Comparison  of  Frequencies  for  Flat  Five-Bay  Panel 


Ref.  11-13 


Mode 

Symmetry 
x  y 

Experiment 

(Hz) 

Theory 

(Hz) 

'Simple' 

Theory 

(Hz) 

Ad-Hoc 

T-Beam 

(Hz) 

'Complete 

Theory 

(Hz) 

1 

1 

S 

1 

S 

609 

623.50 

616.9 

620.2 

620.0 

2 

A 

S 

634 

630.98 

626.2 

639.1 

640.0 

3 

S 

S 

651 

638.65 

636. C 

663.2 

665,9 

4 

A 

S 

669 

673.78 

&70.7 

689.2 

691.8 

5 

S 

S 

682 

673.79 

670.7 

691.6 

695.4 

6 

1 

S 

2 

A 

897 

915.47 

905.8 

906. 3 

906.1 

7 

A 

A 

910 

920.53 

911.4 

913.3 

913.2 

8 

S 

A 

917 

926.71 

918.4 

922.2 

922.3 

9 

A 

A 

928 

935.04 

926.8 

930.2 

930.3 

10 

S 

A 

1 

945  935.35 

Stiffener  Bending 

927.3 

931.7 

932.0 

11 

A 

S 

1175 

1160.8 

1156.0 

1445.6 

1497.7 

12 

S 

S 

1245 

1210.5 

1203.8 

1467.6 

1508.2 

13 

A 

S 

1330 

1288.4 

1276.6 

1503.2 

1522.0 

14 

S 

S 

3 

s 

1429 

1394.6 

1388.9 

1622.6 

1651.3 

15 

1 

S 

1324 

1329.3 

1303.9 

1303.8 

1303.7 

16 

s 

s 

1333 

1332.5 

1306.8 

1310.6 

1310.8 

17 

A 

S 

1345 

1333.0 

1308. 6 

1306.8 

1306. 8  ' 

18 

S 

s 

1350 

1338.2 

1313.3 

1315.0 

1315.2 

19 

A 

s 

1375 

1340.8 

1319.6 

1314,2 

1314.4 

20 

2 

A 

1 

s 

1604 

1606.6 

lr82.7 

1628.9 

1651.5 

21 

S 

s 

1674 

1748,5 

1725.0 

1909.5 

1998.9 

22 

A 

s 

1982 

1924.3 

1897.6 

2050.2 

2114.5 

23 

S 

s 

2185 

2107.7 

2075.7 

2218.7 

2270.4 

24 

A 

s 

4 

A 

2353 

2258.6 

2220.1 

2370.0 

2413.7 

25 

1 

S 

1909 

1913.1 

1878.5 

1878.6 

1878.4 

26 

A 

A 

1923 

1914.3 

1880.4 

1880.7 

1880.6 

27 

S 

A 

1940 

1915.6 

1882.7 

1883.4 

i383.4 

28 

A 

A 

1968 

1917,5 

1885.0 

1885.7 

1885.7 

29 

S 

A 

1985 

1917.6 

1885. 3 

1886.3 

1886.3 

30 

2 

A 

2 

A 

1968 

2102.6 

1999.9 

2006.1 

2005.5 

31 

S 

A 

ld92 

2104.0 

2004.2 

2027.0 

2027.3 

32 

A 

A 

2020 

2105.3 

2008.4 

2053.0 

2054.6 

33 

S 

A 

2034 

2173.9 

2060.7 

2083.7 

2085.1 

34 

A 

A 

2055 

2173.9 

2060.7 

2085.6 

2087.4 
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TABLE  II j  Curvature  Effects  Upon  Frequences  of  Five-Bay  Stiffened  Panels 


FINITE  ELEMENT  RESULTS 


DATA  SHEET  RESULTS 


Single  Panel  Bounds 


Mode 

Symmetry 
x  y 

Flat 

Plate 

(Ha) 

R  ■=  4o" 
(Hz) 

R  =  20” 
(Hz) 

Stiffened 

Flat 

Plate  (Hz) 

Flat 

Plate 

1  (Hz) 

R  *  40" 
(Hz) 

R  *  20' 
(Hz) 

1 

1 

1 

S 

S 

620.1 

666.0 

781.9 

590 

Simply  Supported 

2 

A 

s 

640.1 

707.6 

868.7 

620 

363 

430 

510 

3 

S 

s 

665.9 

782.5 

1034.5 

660 

Clamped 

It 

A 

s 

691.9 

900.0 

1292.3 

690 

725 

1060 

1530 

5 

S 

S 

695.4 

986.8 

1486.0 

700 

1 

2 

6 

S 

A 

906.1 

1007.1 

1254.7 

750 

7 

A 

A 

913.2 

1040.4 

1337.6 

770 

Simply  Supported 

8 

S 

A 

922.4 

1089.6 

1460.5 

810 

580 

770 

1020 

9 

\ 

A 

930.4 

1138.3 

1585.1 

840 

Clamped 

10 

3 

A 

932.0 

1158.2 

1637.9 

850 

940 

1260 

1680 

1 

Stiffener  Bending 

11 

A 

S 

1497.7 

1487.6 

1501.6 

12 

S 

S 

1508.2 

1507.6 

1537.9 

13 

A 

s 

1522.0 

1528,8 

1582.0 

14 

S 

s 

1651.3 

1657.6 

1700.1 

1  3 


15 

S 

S 

1303.7 

1424.3 

1732.1 

16 

A 

S 

1306.8 

1441.8 

1778.5 

Simply  Supported 

17 

S 

S 

1310,8 

1464.8 

1839.6 

943  1220  1520 

18 

A 

S 

1314 .4 

1485.0 

1895-3 

Clamped 

19 

S 

S 

1315.2 

1492.8 

1916.0 

1320  1640  2020 

20 

2 

A 

1 

S 

1651.5 

1655.0 

1676.8 

1580 

21 

S 

S 

1998.9 

2004,8 

2066.4 

1670 

Simply  Supported 

22 

A 

s 

2114.5 

2116.4 

2137.6 

1780 

1230  1360  1360 

23 

S 

s 

2270.4 

2273.3 

2292.7 

1870 

Clamped 

24 

A 

s 

2413.7 

2425.9 

2451.7 

1910 

1890  2040  2070 

25 

1 

S 

4 

A 

1878.4 

2001,9 

2329.I 

26 

A 

A 

1880.6 

2012,9 

2361.9 

Simply  Supported 
1450  1750  2030 

27 

S 

A 

1883.4 

2026.5 

2402.5 

28 

A 

A 

1885.7 

2037.5 

2435.8 

Clamped 

29 

S 

A  . 

1886.3 

2041.3 

2448.1 

1870  2870  3130 

2  2 

30  A  A  2005.5 

'31  s  A  2027.3 

32  A  A  2054.6 

33  S  A  2085.2 

34  A  A  2087.4 


2022.8 

2074.8 

1910 

2049.3 

2118. C 

2000 

2078.3 

154.7 

2100 

2110.4 

2188.5 

2190 

2112.3 

2190.5 

2220 

Simply  Supported 
1450  1610  1670 

•Clumped 
2280  2350 


2100 
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FfG  4  (b>  MODE  SHAPES  OF  THE  STIFFENED  PANELS 


HESPltfiSE  AND  FATIGUE  CHABACSKhlSTlCS  OF 
LIGHT  ALLOT  MACHINED  FUNK  STOXIDKES 


D.C.G,  Eaton 

Head  of  Struc*ursl  Acoustics  Croup 
British  Aircraft  Corporation,  Ltd,, 
Caaneroiftl  Aircraft  Division 
Pilton  House 
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Light  alloy  integrally  machined  pL  cs  as  ^sed  in  current  aircraft  practice  usually  exhibit 
different  vibrevion  characteristics  cost  red  v  h  those  of  equivalent  fabricated  'conventional* 
structures,  there  feature#  are  in? tasked  together  with  the  related  aaouatio  fatigue  implications. 


Methods  or  predicting  dynanio  stresses  are  ,  usideivd  and  comparisons  made  vdth  practical  results. 
Sobs  aspects  of  the  fatigue  behaviour  particular  y  related  to  sa chined  structure#  as  derived  free 
coupon  and  siren  teats  are  outlined. 


A  current  research  program##  which  is  stood  at  providing  informal  ton  for  the  foimulatioo  of 
design  guides  is  described. 


Possible  prubleea  associated  with  noise  induced  crack  propagation  in  tcachtoad  plank  structures  are 
discussed. 


i,  immense 


tight  allisy  oachitvsd  planks  are  now  used  extenaivaiy  to  aircraft  construction  »>id  frequently 
replace  the  were  conventional  fabricated  rtwttw  •  wttirh  consist  of  roiled  or  extruded  at  ringers 
rlv*t«4  to  altos.  IppUestioa*  are  to  be  found  it.  fuselage,  fin,  *M  wing  conssruoWwn, 

•Hi 1st  the  dynastic  Ushsvtair  of  the  fabricated  structure  is  in  psneral  teres  well  toasts,  end  there  is 
extensive  toservice  experience  of  the  acoustic  fatigue  hehavi<xir,  the  sorrtspeailns  dal*  f<K  enehtoad 
plank  rose^t*  U  rather  sparse.  Apart  tV«e  ad  hoc  laboratory  tovealigetlota  by  ilheraft  cenufaelurers 
eostya  sell  rely  little  *,yet*»»iie  study  has  eo  far  teen  attested.  Of  this,  worst  at  the  Institute  of 
dcwvS  *ni  Vibration  ksaeshch  i a  the  teosi  noteworthy  (e.g.  .refaseivsea  l,£)  which  has  coventrated  or. 
feethods  of  reipaftss  atiejssatityi  fnr  estotia*  structures,  Recently,  work,  has  oos**iKed  on  uore  dsUll-’d 
atu.Hes  of  the  responds  and  fa.iiisa*  behaviour  with  *  via*  to  pstuidsUng;  deai^i  guides  fw  the.  basic 
itmiwrt  tod  swthods  of  reapoaaa  suppression  (reference  J), 


,*n  stteupt  1*  race  iters  to  briefly  review  the  preetic*!  arpecta  and  the  va.rioue  toveatigelloes 
that  have  or  are  taking  place.  CojtaideJsiton  j*  also  given  to  s*stob4s  of  aireus  prediction  for  use 
at  the  design  stage,  including  Us*  l»porunc»  of  swba  true  lure  design. 


She  potential  of  palliative  sethod#  for  exialiJt^  a  true  lures  is  explored  inoldAtog  the  u»*  of 
dsaptog  traatoersta  and  tot.eiucd.iata  f  reties. 


The  tcsfluenca  of  looked  So  stresses  and  other  related  features  oi  the  S»  lijji*  behaviour  is 
com*  to*  red  in  the  lig.it  of  varleu*  test  finding*. 


yinaliy,  nolae  daitaga  aspect*  of  "'safe-life*  and  ♦fstl-aafa*  philosophy  are  briefly  reviewed  ard 
a  current  nregmaa*  aT  work  to  explore  this  are*  is  cutlAmd. 


s,  $aa  siytcsiciA.  ttmamtiim  ms  me*  israiacs  os  tks  yih*is»o  ms  ntss^s  ssunoBi 


Due  to  toto  protisc*  *ad  fasilstls-*  associated  with  tha  dealgs  sad  siarfashaa  of  nachtoed  plasSta 
toe  dystonia  behaviour  can  differ  markedly  fr«E  eat  of  its  fabricated  counterpart,  *er  awagpl*,  toe 
absent#  of  stringer  "feet*  for  rlvettog  ps»r***s  pswtiis  closer  pitching  of  the  Integral  stringers. 
Ff’ss  cachtoiag  aspects  it  1*  obviously  si spier  to  gsitg<«Ul  s  *wuth  upetanAtog  leg  rather  toes 
in  induce  a  balbsd  or  angled  baas  at  ewU  to  Pctu-4  to  too  extruded  or  rolled  eersieh  (figure 
Yhl*  mult*  to  stringers  with  dejerittwly  low  flexure!  utd  isreionel  stiffhssre*.  As  a  remit  the 
aachtoed  Btlffenerw  no  longer  *e»  as  "nodes''  in  toe  toper  lent  sodas  c.f  viVreWo»,  the  pintle  tensing  to 
behave  *e  tn  cr  too  tropic  plate  (..jpure  .3.},  Ip  toes#  cirensaeisricies  atres.sse  i»  to*  stiffener 
4s  treat  ties  caa  to  of  s  *  toiler  ha^Kltuds  to  those  ta  the  skin  i»»*l  to  ton  stringer  edg*  (the  usual 
failure  loose  too  to  febrtoatsd  structure). 


As  a  re*Nilt  creeks  e*n  Initiate  at  to*  a tr viper  free  edge  suheepuently  spreading  do»n  into  the 
skin.  This  is  obviously  ef  patentlsl  SaparUnc*  to  areas  of  high  nois*  onvirsr*».at,  The  eucsplaa  to 
i  Jgiire*  2  and  )  a*  darired  frao  Usts  (rjCaiencea  {,,5)  serve  to  illustrate  this. 


A  atollar  scures  o.t  fati£o*  anus  found  when  attempting  to  u.a*  a  tMthtoi  plank  coafiguretior.  to  the 
design  of  lightly  stottosUy  XoaGsd  control  surface  skin*.  This  introduced  a  tutrix  of  *h»lli>* 


stiffening  to  to*  *w»fri»  plate*  deMgn  illuatrstsfi  in  f irure  L  ( referent*  5}.  Agsin,  *a;'to.y tropic 
plate*  vihwstlan  icUSMtd  freer*? era  faiV-.re*  at  i'.s  f«*  ciiy:*  of  the  stiffen* r*.  Cto.tlar  fsil-.-re 


wm 
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have  bstn  experienced  in  aircraft  usage  (fairings)  where  shallow  integral  stiffening  has  effectively 
been  introduced  by  chemically  etching  pockets  in  thick  skins. 

Of  course  the  advent  of  numerically  controlled  tape  machining  lessens  the  practical  problem  of 
introducing  bulbed  stiffeners.  If  sufficiently  enhanced  stiffening  is  realised  then  the  dynamical 
behaviour  sill  revert  to  the  type  observed  with  fabricated  configurations  (s,g.  reference  6).  However, 
the  damping  of  an  integrally  machined  structure  is  low  due  to  the  few  attachments  required,  and  skin 
and  substructure  response  may  3till  be  substantial.  In  practice  there  may  also  be  other  reasons  for 
avoiding  enhanced  stiffening.  Per  example,  if  a  doubly  curved  panel  ia  required,  sizeable  forming 
stresses  are  likely  to  ’  e  incurred.  Such  forming  stresses  can  produce  a  serious  reduction  in  the 
fatigue  life.  This  is  dealt  with  in  section  5.3. 

3.  THE  EVOLUTION  OP  STRUCTUnAL  DESIGN  GUIDES 

3.1  GENERAL  itE.,UlhE)>>ENTS .  A3  with  most  acoustic  fati,  -  obleras  a  detailed  analysis  of  the 
structural  dynamics  er.d  fatigue  behaviour  involves  a  large  , .umber  of  parameters.  A  thorough  analytical 
solution  is  therefore  intractable,  Por  example,  there  are  the  usual  evaluation  difficulties  associated 
with  the  determination  of  modal  characteristics,  joint  acceptance  properties  and  fatigue  lives. 

In  order  to  produce  design  guides  one  needs  to  establish  e  simplest  model,  which  will  provide 
ssessments  of  dynamic  stress  and  stress  reversal  accumulation  to  appropriate  engineering  accuracy,  and 
compile  reliable  fatigue  data.  In  the  following  sections  these  requirements  are  reviewed  and  the  topics 
of  a  detailed  study,  which  is  currently  in  progress,  are  highlighted. 

3.2  DYNAMIC  SThKSS  PREDICTION,  A-  suggested  in  figure  1,  the  response  is  likely  to  be  multimodal. 
Attempts  have  and  are  being  made  to  produce  theoretical  models  which  will  describe  this  behaviour,  in 
particular,  using  transfer  matrix  and  finite  element  methods  (e.g.  references  1. 3,7) .  Currently  such 
methods  consider  the  dynamio  properties  of  the  plank  alone,  its  periphery  being  restrained  from  vertical 
movement.  Such  approaches  have  obvious  limitations  as  an  easy  design  aid  and  there  are  the  latent 
hazards  of  ill  conditioning,  computer  storage  overflow,  etc,  when  marked  changes  in  configuration  are 
considered.  In  parallel  with  these  studies  attempts  continue  with  simpler  configurations  which  it  is 
hoped  may  provide  workable  models.  It  is  with  these  this  review  provides  examples. 

The  simplest  is  a  single  degree  of  freedom  configuration  as  suggested  by  Clarkson  for  flat  planks 
(reference  8)  and  further  stud''  d  by  Areas  (reference  9),  Here  a  kayleigh-Ritz  approach  is  adopted  and 
used  to  examine  the  behaviour  of  a  single  skin-stiffener  bay.  The  assumed  mode  shape  represents  the 
deformation  under  a  uniform  p’-essure  loading. 

A  similar  approach  has  been  used  to  examine  a  corresponding  configuration  having  shallow  curvature 
(reference  3).  Trief  details  of  the  theoretical  model  are  indicated  in  figure  5,  Comparisons  have  been 
made  with  experimental  data  derived  fran  siren  and  jet  noise  response  tests  carried  out  with  a  doubly 
curved  panel  (the  curvature  was  slight  in  the  stiffener  direction).  The  specimen  was  a  multiple  skin- 
stiffener-frame  combination.  It3  dimensions  varied  and  a  typical  range  iB  quoted  in  figure  2.  In 
addition,  at  one  stage  of  the  testing,  the  frams  pitch  was  halved  by  the  incorporation  of  intermediate 
frames  (giving  effectively  an  eleven  inch  pitch). 

Initial  application  of  the  curved  model  with  either  simply  supported  or  fully  fixed  boundaries  at 
the  frame  locations  did  not  produce  satisfactory  results  particularly  as  the  trend  was  contrary  to 
expectations  when  the  frame  pitch  was  increased  (figure  6),  It  was  felt  that  due  to  curvature  effects 
associated  with  over  predominance  of  the  panel  "bre-thing  mode"  the  plate  edge  restraint  at  the 
stiffener  boundary  was  more  pronounoed  than  would  oocur  in  a  typioal  multi-bay  configuration  (figure  5), 
As  a  result,  Walker  (reference  3)  carried  out  an  examination  of  the  flexural  mode  of  an  eight  bay  system 
using  a  transfer  matrix  analysis  which  appears  to  confirm  this  hypothesis.  The  effect  of  frame  bay 
variation  on  the  modal  frequenoy  in  both  instances  iB  shown  in  figure  7.  Sinoe  the  ’error'  was 
associated  only  with  radius  terms  in  the  strain  enorgy  expression  attempts  were  made  to  vary  this 
parameter  and  the  result  is  also  shown  in  figure  7,  For  the  stiffener  bay  configuration  conrldered,  an 
’effective  radius'  could  in  fact  be  or  tabiiahed. 

The  results  of  using  this  effective  radius  to  determine  the  dynamio  stress  are  presented  in 
figure  8,  It  is  immediately  apparent  that  a  more  realistio  assessment  of  the  stress  is  now  realised  as 
the  frame  pitah  is  increased.  The  predictions  of  the  refined  swthod  have  again  been  coups red  with  the 
tost  data.  In  this  instance  a  mean  of  the  simply  supported  and  full,,  fixed  mode  stress  predictions 
have  been  used  in  the  comparison  which  is  shown  in  figure  9,  It  is  evident  .chat  an  enhanoed  correlation 
)ias  been  realised  which  is  in  faot  comparable  with  those  obtained  for  other  forms  of  structure  by 
Clarkson  and  Areas.  This  is  demonstrated  by  the  statistical  assessment  given  in  figure  10  which 
follows  the  approach  suggested  by  Areas  in  reference  9,  Probability  distributions  based  on  an  assumed 
normal  density  are  ompared, 

A  number  of  additional  features  are  or  possible  intorest  in  assess' ng  the  adequacy  of  the  model  of 
the  ourved  configuration! 

On  average,  3tiffoner  stresses  were  overestimated  by  (>%  between  frames  and  underestimated  by  40/, 
ia  the  .  .o  ini  _y  of  fn  -s. 

Skm  stresses  were  underestimated  by  25Jo  between  frames,  this  figure  increased  to  90t  adjaoent  to 
frames. 

It  seems  likely  that  stresses  ad  sent  to  frair.es  ais  influenced  by  frame  flexure. 

Using  the  oredoniinaiit  frequenoy  obaervad  in  the  measurements  rather  than  the  predicted  frequency 
was  found  to  have  little  effect  on  the  oorro lotion. 
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Th'  test  panel  was  to  some  extent  lacking  in  symmetry  (a  feature  not  unccnmon  in  aircraft 
construction),  this  may  have  tended  to  break  up  the  modal  pattern  of  the  type  shown  in  figure  1.  For 
structures  of  a  fully  repetitive  nature  a  log?  encouraging  reoult  might  be  obtained. 

These  initial  findings  suggest  that  a  single  degree  of  freedom  model  can  be  used  for  stress 
prediction  in  a  design  analysis  for  a  limited  range  of  structural  dimensions.  It  seems  likely  that 
modifications  to  the  nodei  may  be  required  for  different  regimes  of  the  structural  parameters. 

Obviously  correlation  with  test  data  for  a  wider  range  of  structural  parameters  is  required  ( ma 
section  3.4), 

None  at  the  approaches  considered  permits  examination  of  the  influence  of  the  nub  structure  in  any 
detail.  Examples  of  the  importance  of  this  aspect  are  to  be  found  in  references  10  and  11,  In 
reference  10  Abrahatason  and  Clarkson  have  examined  the  coupled  rib  aaS  plank  vibration  of  box  structures. 

Limited  teat  evidence  suggests  that  there  esy  be  stronger  coupled  frame  and  stiffened  akin 
vibrations  with  machined  plank  formats  than  occurs  with  corresponding  conventional  constructions.  In 
order  to  examine  theoretically  the  importance  of  frame  vibratid.5,  investigations  have  nsaasasiccd  where  the 
machined  plank  is  treated  as  an  orthotrepio  plate  (reference  5).  This  assraption  is  based  0»  the  plato- 
lika  behaviour  described  earlier.  The  coarsening-  of  the  plank  description  permits  a  more  detailed 
examination  of  the  frame  behaviour  in  a  F.ayleigh-Ritz  “analysis.  It  has  the  further  advantage  that,  in  a 
number  of  cases  under  consideration,  ace*  of  the  joint  acceptance  properties  may  be  evaluated  freer  ' 
programmes  already  available,  for  cylinder  and  plate  modes, 

A  particular  example  is -briefly  considered  in  section  4.  It  is  intended  to  extend  this  approach  to 
a  more  general  conniceraticn  of  the  Influence  of  frame  design. 

3.3  FATIGUE  IUTA ,  A  certain  amount  of  fatigue  data  has  been  compiled  fitas  ad  hoc  siren.  t*eta  and 

coupon  tests  in  which  the  specimens  are  subjected  to  rau  row  band  loading  provided  by  electro  mechanical  - 
vibration  exciters.  These  coupons  have  been  of  two  types  as  shoal,  in  figure  11,  They  arc  subjected  to 
zero  moan  stress  (except  for  any  locked- in  stresses  associated  with  the  manufacturing  process).  All  the 
quoted  information  has  been  derived  for  type  R!<  58' material. 

Those  investigations  have  established  tyro  tentative  bounding  curves  (figure  12).  ’"ho  upper  bound. 

Is  for  structural  regions  having  no  stress  concent  rat  ns.  The  loner  bound  is  for  structures  vontaihj'ig 
substantial  locked  in  stresses  incurred  during  the  forming  process.  The  effects  o  these  can  usually  be 
reduced  by  local  shot  peeniug  or  stress  relieving.  It  is  thought,  that  results  for  configurations 
containing  stress  concentrations  (e.g.  riveted  joints)  should  lie  nearer  to  the  upper  bound. 

It  is  apparent  from  those  curves  that,  if  by  careful  design  and  manufacture  undue. stress 
concentrations  are  avoided,  this  type  of  construction  -an  withstand  higher  dynamic  stresses  than  its 
fabricated  counterpart  (e.g.  an  allowable  threshold  stress  might  be  3,000  Lt/ins*  r.m.s,  as  against 
2,000  Lb/ins®  in  conventional  structures) , 

3.1  ASSr.-3S4.NT  OF  itESPONSE  AND  FATIGUE  PREDICTIONS  LEADING  TO  STaUCTUML  DESIGN  GUIDES,  In  order  to 
provide  more  general  data  on  the  response  and  fatigue  behaviour  of  machined  planks  a  number  of  test 
panels  have  been  fabricated  containing  a  range. of  structural  dimensions.  By  the  use  of  typical  aircraft 
structural  stability  criteria  a  set  of  panels  lias  been  devised  which  m  the  twin  are  repreosntative  of 
configurations  found  in  practice.  By  subsequently  incorporating  intermediate  frames  on  certain 
specimens  it  hac  been  possible  to  further  extend  the  range  of  the  parameters  to  provide  further 
information  for  assessments  oi’  the  dynamic  behaviour. 


These  nenets  whion  are  currently  i  'or  test  are  listed  in  the  table  below.  Each  panel  has  seven 
skin-stiffenor  bays,  two  basic  frames  and  peripheral  supporting  framac.  They  are  constructed  in  L  93 
material.  “  j 


Table; 

Jz 

Structural  Test  Panel  Dimensions  (inohas) 

.  ■  -  ~t 

"  ■ 

Panel  Number- 

.  £~~ 

0 

T 

-  :4  - 

5 

6 

7 

a1 

0 

Panel  Curvature 
— ~ . 

VJO 

120 

oO 

uG 

57.  £ 

57.r“' 

5 lJ~ 

Frame  Pitoh 

20 

20 

20 

20 

20 

10 

20 

20 

10 

Stringer 

Pitoh,  b 

5.25 

5.25 

5.25 

4.0 

4.0 

4.0 

5.25 

4.0 

4.0 

Stringer 
Thickness,  t 

0,18 

0,18 

0.085 

0.085 

0.085 

0.085 

0,085 

0.065 

0,085 

Stringer 

Hoight,  d 

1.0 

.0,7 

0.7 

0.7 

0.5 

0.5 

0.7 

0.5  . 

0.5 

Skin 

..  Thickness,  h 

0.07 

0.07 

0.057 

0,057 

0.057 

0.057 

O.C57 

0.057 

0.057 

Stability  . 
Designed 

V 

S/ 

V 

V 

S* 

N/ 

Coramonta  Panel  6  is  derired  from  5  and  Panel  9  front  S  by  addition  of  intermediate  frame* 


Ths  basic  perils  (1,6.  excluding  the  intermediate  frame  variants)  have  bean  subjected  tc  -  jet 
noise  response  test  in  which  extensive  strain  measurements  were  taken  aiid  ti>-  isuoeiated  structural 
noise  levels  end  spatial  correlations  recorded* 

Resonance  tastb,  w  dch  hive  o&m&acad,  are  tc-  be  conducted  en  all  the  panels.  la  the  main  thsso 
«ill  concentrate  os  the  frequency  ragioas  of  gr'eatost  interest  aa  dcteyriiied  free*  She  theoretical 
studies  and  the  jet-  noise  toots. 

•fhis  is  to  to  followed  by  siren  acoustic  f-tigue  tests  or.  a  selection  of  theoc  panels,  l'h«  jireu 
spectrum  will  be  shaped  to  exoitc.  similar  structural  response  characteristics  os  observed  in  the  jet 
noise  boats,  Further  fatigue  data,  are  bring  realised  free,  coupon  tests  of  the  type  described  in 
section  3.3,  Sarto  studies  of  the  effects  of  stress  conoentr&tions  and  locked  in  stresses  due  to  fee 
presence  of  aitaebnents  we  intended  using  the  configuration  show;  in  figure  11. 

On  completion  of  those  investigations  it  is  expected  to  understand  the  dynamic  behaviour  as 
incurred  in  practice.  The  existing  or  modified  theoretical  models  can  then  be  used  with  •greater 
confidence  in  design  analyses, 

Ths  detailed  fatigue  data  derived  for  1,93  material  will  fenn  an  important  reference  for  future 
fatigue  assessments.  These  results  should  a  iso  shed  some  light  cn  the  possible  differences  realised 
in  ratigurtf  r<ss-ilia  fVc<n  roulbinjo&Q  aj*^  roods  of  response  tests* 

4.  FaUJATIVB  METHODS  FOR  EXISTING  STRUCTURES 

4.1  GENERAL  EAGKGKO-iiND.  An  with  any  other  form  of  construction  there  is  always  the  risk  that 
■mexpected  acoustic  fatigue  prohl errs  -will  arise  during  the  service  lift  of  an  aircraft.  These  will 
require  remedial  erasures  which  can  be  app>lied  quickly  and  wife  the  minimum  of  dieruption  to  the 
existing  structure. 


Artificial  damning  Treatments  have  rarely  been  used  as  an  integral  part  of  primary  structure  due  to 
reservations  concern  Tig  their  resistance  to  creep,  contamination,  temperature  variations  and  other 
factors,^  However,  on  application  as  an  additional  secondary  item  presents  .fewer  hazards.  Work  at 
oouWjumptoi^Ur.iversiir/  («,g.  references  1  and  2)  has  consider  d  a  number  of  damping  treatments  in  this 
categor,-,  .One  of  there  techniques  involving  the  use  of  a  constrained  layer  has  recently  been  tried  out 
wife  one  of  the  tect  panels  referred  to  in  section  3.4  and  some  interim  findings  are  referred  to  by  wav 

of  on  example  of  a  potential  palliative,  Tt.;.e  described  in  section  4.2. 

The  othor  more  frequently  experienced  approach  is  to  enhsorj  the  looal  structural  stiffness  at  the 
expense  of  a  weight  penalty.  Inevitably  is  a  need  to  establish  a  minimum  weight  configuration. 

An  example  of_  current  work  for  raacMned  planks  is  summarised  in  section  4.3, 

4.2  THE  1JSE  OF  A  CONSTRAINED  DAMPING  LaYER,  The  technique  makes  use  of  a  damped  sandwich  beam  which 
in  attached  to  the  free  edges  of  the  stiffeners  in  the  middle  of  the  frame  bay  (figure  13).  Most  of  the 
dancing  is  thought  to  cane  Tran  the  shearing  deformations  associated  with  lateral  displacements  of  the 
stiffener  edges.  The  shearing  deformation  associated  with  flexure  of  the  beam  is  probably  secondary. 
Detailed  investigations  are  being  conducted  by  Coote  (references  2,12)  win  supplied  the  beams  for  the 
teat  in  question.  No  attempt  was  made  to  optimise  the  beam  configuration  (it  is  thought  that  stiffor 
face  plates  might  increase  the  efficiency  of  the  damper)  which  was  plaoed  aoroas  the  oentrea  of  the 
three  frame  bays  of  panel  7  (sea  section  3.4), 

The  panel  was  objected  to  frequency  response  tests  with  and  without  the  beams  in  situ,  the  strain 
levels  Doing  recorded  at  a  number  of  stations.  Figure  13  shows  an  average  curve  for  the  ratio  of  the 
stress  before  and  after  treatment,  it  is  apparent  that  tha  greatest  damping  occurs  at  the  lower 
frequencies  where,  although  th<  panel  and  stiffeners  are  primarily  bending,  sizeabl  relative  movements 
,4™  3tli  oner8  ma.''  k®  incurred.  At  the  higher  frequencies  predominantly  torsional  motion  of  tho 
stit loners  can  arise.  If  these  are  in  antiphase  then  energy  dissipation  con  occur. 

The  success  of  the  method  dependr  on  the  modes  of  vibration  likely  to  cause  failures.  The  panel 
bending  modes  are  usually  of  importance*  A 


4,3  AF1LICATI0K  OF  INTERMEDIATE  FRAMES.  Results  from  siren  and  jot  noise  tests  carried  out  on  a 
fuselage  speoimen  have  indicated  that  the  introduction  of  intermediate  frames  reduces  the  plank  stresses 
by  between  3Q>-  and  5C?o  depending  on  fee  measurement  looation.  Initial  studies  using  the  theoretical 
model  shown  in  figure  14  have  indicated  a  similar  reduction  for  modes  involving  frame  flexure.  Results 
for  the  frame  twisting  mode  are  not  yoi  available. 


5.  EFFECTS  OF  NOISE  ON  CRACK  PROPAGATION 


Systematic  experimental  studies  of  the  propagation  of  cracks  by  noise  have  been  restricted  in  the 
main  to  those  in  frit  uniform  plates  either  unloaded  or  subjeoti-A  to  uniaxial  or  biaxial  loads 
simulating  cabin  pressurisation  stresses  (inferences  15,14),  '  Yet  comparatively  little  work  has  been 

oarried  out  to  examine  fee  of  foots  of  adjacent  fabricated  st:  .  ^.'s. 

Attempts  have  been  mad#  to  relate  these  results  to  the  praoticul  aircraft  configuration  and  thereby 
forecast  propagation  rates  in  conjunction  with  'fail-safe'  investigations.  This  topic  is  the  subject  of 
further  appraisal  by  Kirlcby  (reference  15)  whose  tentative  findings  suggest  that  on  occasions  noise 
induced  propagation  might  bo  of  comparable  importance  with  that  induced  by  the  quasi-statio  forces  that 
UTi!  v  t,8  i,oatlin8  8rivironmnnt*  As  far  the  author  is  aware  such  aspects  have  not  been  the 

problems'3”  ^  th°  °aS*  °f  maohinod  struo<:ura  ^  at  this  stage  one  can  only  conjecture  potential 
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The  application  of  machined  stiucture  can  largely  obviate  thn  regions  of  stress  conoantra tion 
found  in  conventional  riveted  structure.  This  includes  the  elimination  of  and  other  sharp 

radii  and  the  redaction  of  the  number  of  rivets  and  their  holes  ar-d  so  on.  in  addition  eose  'redundant1 
structure  ia  eliminated  such  as  backing  snglea,  Thus  ii:  safe-life  terns  the  ec, chined,  configuration  has 
the  definite  advantage  that-  sources  of  crack  nuciaafcion  are  fewer. 


However,  once  da^gs  hoe  been  initiated  for  any  reason,  including  the  c-ffsots  of  non-aeouatic 
sources,  the  resistance  to  amok  propagation  appears  to  be  less,  There  arc  fewer  jaheroai  crack 
stoppers  and  less  redundant  structure  to  offer  an  alternative  lo&dp&Ui,  Fortunately,  in  the  case  of 
wing  aril  fin  structures  toe  re  ia  still  a  high  degree  of  redundant  structure  and  in  the  potentially 
sensitive  area  of  less  redundancy,  via  the  pressurised  fuselage  structure,  the  noise  levels  are  usually 
eisaably  lower. 


A  criterion  from  a  fail-safe  approach  might  be  that  the  structure  should  be  capable  of  carrying 
load  whilst  containing  a  oracle  not  readily  observed  by  visual  means  and  that  it  should  not  grow  to 
catastrophic  proportions  between  major  airoraft  inspections.  Such  a  crack  might  be  some  six  to  ten 
inches  in  length  depending  on  its  location.  This  1  ength  might  be  reached  more  quickly  than  normally 
envisaged  from  quasi-static  load  effects.  The  directionality  of  the  crack  path  and  its  ability  to 
circumnavigate  potential  oraolc  stoppers  may  be  modified  by  the  noise  loading.  Figures  1,2  and  3 
provide  some  indication  of  possible  damage  characteristics.  Crack  growth  beyond  a  ten  inoh  lsngth  has 
been  considered.  With  some  machined  plank  structures  the  configuration  will  not  necessarily  be 
sufficiently  "detuned"  and  can  therefore  still  respond  in  a  resonant  fashion  to  the  acoustio  excitation. 


In  order  to  assess  the  importance  of  these  features  a  test  programme  has  commenced.  The 
importance  of  sequential  noise  and  quaai-statio  loads  (presauriaation,  gust,  landing  loads,  ©to.)  on 
craolc  growth  is  to  be  examined  in  a  siren  using  a  biaxial  loading  rig  and  specimen  configuration  as 
shown  in  figure  15.  This  rig  has  recently  been  calibrated  and  the  first  ora ok  propagation  testa  are 
about  to  commence. 


At  a  later  stage  it  is  intended  to  conduct  testa  on  a  pressure  shell  specimen  containing  typical 
planks  and  substructure.  Again  a  sequential  loading  will  be  applied,  the  noise  being  suppliod  by 
peripherally  mounted  sirens.  This  test  will  allow  suoh  features  as  the  effects  of  curvature  and 
substructure  to  be  studied.  It  will  also  permit  an  examination  of  the  effects  of  noise  on  extensively 
cracked  panels  (e.g.  orack  length  »•  10  inches). 


Ad  hoo  tests  are  proceeding  on  miscellaneous  specimens  to  establish  the  rate  and  directional 
behaviour  of  cracking  in  various  structural  configurations.  This  work  is  aimed  pri  v  ly  at 
maintenance  and  reliability  aspects  and  includes  testing  of  repair  schemes. 


6.  FINAL  REMARKS 


This  paper  has  reviewed  the  facets  of  acoustic  fatigue  related  to  typioal  light  alloy  machined 
plank  structures. 


Some  methods  of  stress  prediction  which  avoid  many  of  the  ootaplioating  features  associated  with 
response  to  r.oise  have  been  considered.  An  example  related  to  curved  planks  has  boon  Compared  with  test 
data  with  encouraging  results,  Suoh  methods  appear  to  have  good  potential  h’>t  require  further 
ratification. 


The  limited  fatigue  data  that  are  ai'ailabls  indicate  that  if  care  is  taken  during  design  and 
manufacture  this  form  of  structure  has  advantages  over  equivalent  fabricated  structures  in  terms  of 
'safe-life'  oriteria. 


A  damping  treatment  which  does  not  affect  the  strength  of  the  main  structure  and  which  could  be 
readily  introduced  as  a  modification  to  an  existing  structure  lias  boon  the-subjeot  of  an  initial 
examination.  Results  are,  quite  promising  and  warrant  further  study. 


Possible  problems  associated  with  orack  propagation  due  to  noise  have  been  dissussed  and  current 
investigations  outlined. 


A  series  of  theoretical  and  experimental  investigations  whioh  ere  proceeding  are  expected  to 
greatly  aoeist  in  the  compilation  of  design  guides,  - 
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Conventional  Struoture  Typical  Modes  of  Response 


Symmetric  modes 
other  half  of  panej. 
identical. 


The  sodas  ah own  are  typical 
of  those  predicted  for 
the  panels  whose  dimensions 
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the  first  overtone  mode 
tut  ehovn  below 
will  differ  in  detail 
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Asnuayjd  oythotropic  plate  strain  energy  expresoion  ueed  in  Kayieiglvftitz  analysis: 
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Expressions  for  the  bending  and  twisting  energies  of  the  frame  are  derived  from 
a  method  which  ia  effectively  an  extension  of  the  expressions  of  Galletly  and 
Miller  sb  given  in  references  16  aid  17. 


Modes  for  the  model  mentioned  in  section  4.3  assume  the  main  frames  provide  fully- 
fixed  boundary  conditions.  Two  types  of  mode  are  considered  involving  either 
bending  or  twisting  of  the  intermediate  frame: 
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For  1  repetitive1  structure*  Galletly  ( reference  16)  has  suggested  suitable  cylinder 
mode  shapes  wiiioh  are  currently  being  used  for  more  genera'1,  investigations. 
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RESUME 


la  recherche  experimentale  de  la  ter.ua  dea  structures  d'avion  A  la  fatigue  acoustique  est  delicate.  Sa 
reussite  ndcessite  la  connaiasanco  de  principes  de  base  qu'il  est  ndcesaairo  d'appliquer  avec  discerneuent  A  cheque 
caa  apdcifique. 

L' object if  de  cette  communication  est  1 1  expose  dee  donnees  de  base  qu'il  eat  ndeessaire  de  connaitre,  et 
des  conditions  d'essais  qu'il  faut  choisir  pour  un  traitenent  correct  du  probl^ie, 

Les  donnees  de  base  sont  : 

-  les  sources  d' excitation 

-  les  conditions  de  vol 

-  lea  zones  critiques  de  1' avion 

doaquellea  ddcoulent  les  conditions  d'essais  : 

-  type  d'essais 

-  niveau  d' excitation 

-  spectre  d' excitation 

-  duree  de  l'essai 

-  definition  des  eprouvettes 

-  choix  des  moyens  d'essais 

-  processus  d'essais 


1.  SOKMABE 

Les  excitations  acoustiquss  de  niveaux  dlevda  engendrent  dans  les  zones  d'avion  qui  lea  subissent,  dos 
rdponses  dyr-aaiques  plus  ou  moins  importantea,  suivant  la  conception,  la  nature  et  les  caractdristiques  d'amortie- 
sennnt  des  structures  sollicitdea, 

Ce  phdnombne,  s'il  n'eat  pris  en  consideration,  peut  provoquer  des  aommages  allant  de  la  simple  crique 
A  la  deterioration  rapide  d'un  dldment  (gouverne  par  example). 

Sur  des  pibces  simples,  certaines  mdthodes  thdoriquon  permettent  d'dvaluer  d'une  manibre  satisfaisante 
la  resistance  A  la  fatigue  sonore.  II  n'en  eat  pas  de  mfime  sur  des  ensembles  aussi  complexes  que  des  structures 
d'avion. 

Cano  ces  conditions,  le  plus  a dr  ooyen  d ' investigation  est  ! 

"L 'EXPERIMENTATION" 

L'objectif  de  cette  communication  est  1' expose  des  principes  de  base  qui  regissent  ua  bonne  realisation. 

2.  VUE  SYNOPTIQUE  CU  PROBIEMK 

Le  traitement  du  problbme  iaplique  la  connaiasance  des  informations  suivantes  1 


DONNEES  DE  BASE; 


-  souroes  d'exoitatlon 

-  conditions  de  vol 

-  zones  critiques  de  1' avion 


d'oU  ddcoulent 


CONDITIONS  D'ESSAIS 


-  type  d'essais 

-  niveau  d'exoitatlon 

-  apootre  d 'excitation 

-  duree  de  l'essai 

-  definition  des  dprouvettes 

-  ohoix  des  moyena  d'essais 

-  processus  d'essais 


8-2 


3.  DONNEES  DE  BASK 

• ,  SOURCES  D' EXCITATION 

Les  excitations  qui  influencent  la  tenue  en  fatigue  acoustique  des  structures  proviennent  priacipale- 
menfc  de  deux  sources  ! 

-  le  bruit  de  jet 

-  lea  dcoulenente  adrodynsmiques  j  S^ltoites 

Ces  excitations  peuvent  Stre  dvaludea  par  cali,."l,  ou  mieux,  mesurdea  sur  avion,  banc  d'essai  ou  maquette, 

Leo  sources  secondaires  comae  le  condi tionnement  d'air,  les  altemateurs,  etc  ...  posent  des  probl&mea 
locaux  dor.,  l'dtude  et  le  traitement  ne  sont  pas  oxposds  ici. 

B.  CONDITIONS  DE  VOL  ET  ZONES  CRITIQUES  DE  L'AVICN 

La  connaissanoe  de  Involution  des  excitations  en  fonction  de  la  trajeotoire  eat  indispensable.  C'est 
elle  qui  permet  de  ddfinir  : 

-  le  niveau  global  d' excitation 

-  les  temps  d' exposition  d  un  niveau  donnd 

-  les  zones  critiques  de  l'avion. 

Elle  permet  dgalement,  dene  certains  oas,  de  ddfinir  une  daui valence  :  heurde  d'essais  -  heures  de  vol. 

A  titre  d* example,  la  figure  )  donne  pour  le  cas  de  "CONCORDE"  s 

-  une  schdmatisation  de  oes  excitations  sur  une  trajeotoire  type 

-  une  reprdsentation  des  zones  de  1' avion  respeotivement  intdressdes  par  ohaque  excitation. 

Pour  ce  cas  spdcifique,  les  trois  sources  d'exoitations  ont  des  influences  variables  i 

a)  le  champ  de  presalons  sonores  crdd  par  le  jet  des  rdacteurs  a  des  effets  particulidrement  sensiblSS 
pendant  les  points  fixes,  le  ddcollage,  l'atterrissage  et  la  mise  en  reverse  des  rdacteurs.  Les  zones  de  structure 
plus  particulidroaient  affectdes  sont  cellea  situdes  au  niveau  et  en  arridre  des  tuydres. 

b)  la  couche  limits  turbulente  agit  pendant  touts  la  durde  de  la  oroisidro,- principaloment  sur  lo 

fuselage.  __  :  ' 

o)  le  tourbillon  de  bord  d'attaque  a  des  effets  comptables  seulement  pqudapt  les  vols  d  grande  inci¬ 
dence.  Seule  la  voilure  eat  influenode  par  oe  phdnomdna. 

4.  CONDITIONS  D'ESSAIS  .  V 

A.  TYPE  D'ESSAIS  %  .?  " 

Deux  grandes  families  d'essais  sont  d  considdrer  * 

-  les  essais  sdleotifs 

-  les  essais  qualifioatifs 

Lea  essais  adlootifs  ont  pour  but  la  comparsison  de  diffdrentes  conceptions  struoturslee  ou  1'dtude 
de  peramdtres  partiouliers,  Ila  ns  demandant  pas  une  oonnaissance  parfaite  des  sources  d'exoitation,  Ce'ilas-cl  , 
ainsi  que  les  temps  d'essais,  peuvent  Stre  ohoisis  arbitvoirement,  tout  en  rest ant  dependant  dans  des  limites 
scoop tables  de  similitude. 

Les  essais  qualifioatifs  doivent  percottre  1' estimation  de  la  die  en  fatigue  aooustique  d'dldmentu 
rdels  ou  d'dprouvettes  reprdsentatives,  en  tenant  oompte  au  maximum  des  conditions  d'etoitstion  de  l'avion  dtudid. 

B.  NIVEAUX  D* EXCITATION 

Essais  sdleotifs  t  la  finalitd  de  oes  essais  est  d'obtenir  la  rupture  des  eprouvottos,  Une  adthodo 
conointa  d  ohoisir  un  niveau  de  bruit  supdrieur  d  oolui  aoaurd  o\s  estimd  sur  l'avion  intdrossd.  Odndralement,  un 
nibeau  global  de  6  dB  supdrieur  au  niveau  rdel  est  ohoiei,  oe  qui  ee  traduit  par  une  multiplication  -vir  deux  envi¬ 
ron  des  oontraintes  dynamiques. 

Uno  autre  mdthode  oonsiste  &  effeetunr  H  heures  d'essais  au  niveau  rdel  N 

H  heures  d'essais  au  niveau  ....  N  +  '}  dB 
H  heures  d'essais  au  niveau  ....  N  +  6  dB 

Elle  permet  de  cemor  d'uno  manidre  plus  fine  que  dans  le  cas  prdoddent,  I'initlation  des  doomages. 

D'autrea  oombinaisons  sont  possibles,  L'ort  do  1 ' expdrimentntour  est  justooont  de  ohoisir  la  meilleure 
cn  fer»e*H«n  dee  qualitdn  oBooaptdos  de  sea  structures, 

Essais  qualifioatifs  t  pour  oes  essais,  il  est  souhaitable  de  ohoisir  comae  niveau  global  d'exoitation 
le  maximum  attoint  ou  esoomptd  au  ooura  do  la  mission  typo  de  l'avion  oonsiddrd.  Cowes  on  verra  plus  loin,  il  sera 
alors  ndoossaire  d'dtablir  une  relation  entre  les  temps  d'essais  et  los  temps  de  vol. 

C.  SPECTRE  D'EXOITATION 

Esoaia  sdleotifs  i  pour  oes  esoais,  il  est  roooomandd  do  rsproduire  le  speotre  d'exoitation  rdel.  Cela 
n'est  pua  toujouro  possible.  A  ddfaut,  un  speotre  d  niveau  senaiblament  constant  dona  la  gamma  ueo  frdquonoeo  de 
rdaonanoo  das  struotureu  etudidos  est  acceptable, 

Essais  qualifioatifs.  j  la  oonnaissanoo  du  speotre  d' excitation  dans  la  sone  intdresode  de  l'avion  et 
ea  reproduction  la  plus  fiddle  possible  par  lea  moyeno  d'essais,  aont  indisponsableo  d  la  bonne  roprdsentativitd 
de  1' experimentation,  surtout  si  1' analyse  montre  que  le  speotre  est  rioho  en  frdquenoea  disordtos. 


•w 

D.  DORSE  DS  L'ESSA" 

Esaais  sdlectifs  i  lea  esaais  sont  conduits  en  gdndral,  jueou'b  rupture  des  bprouvettes,  ce  qui  arrive, 
f rdqueoraent  Jtant  donne  les  conditions  sbvbres  awxquelles  olles  sont  soumisos .  Si  la  rupture  ne  se  produi  t  pis 
at  si  les  contrainte3  dynamiques  mesurees  an  cours  d'essais  sont  relativement  stables,  il  e&t  peu  probable  qu<  des 
doomages  se  produisent  aprbs  cent  heures  d' endurance,  Cette  limite  peut  Stre  raisonnablement  fixbe  pour  dea  essais 
select if a. 

Esaais  qualifioatifs  :  le  problbme  est  plus  complexe,  car  il  s'agit  de  fixer  une  vie  en  fatigue  aeocs- 
tique  de  la  structure  acceptable  en  exploitation.  Tout  rdside  dans  1 ' 6qui valence  heures  d'essais  -  heures  da  vot, 
Pour  certains  avions ,  cela  est  relativement  facile  b  ddfinir.  Prenons  par  example  le  oas  du  CONCORDE  et  reportonar. 
nous  b  la  figure  1 .  Cette  image  montre  que  pendant  le  point  fixe  et  le  adcollage,  soit  1  minute  environ,  il  exists 
dea  pressions  aonorea  de  plus  de  15  dB,  supdrieures  b  cell.es  engendrbes  au  cours  den  autres  configurations  de  vol, 

Les  contraintes  dynamiques  duea  aux  axoitations  acoustique8  sont  faibles  par  rapport  aux  contrsintes 
statiques.  Ellea  se  sit'a^nt  au  voislnage  de  la  limits  de  fatigue  du  matdriau.  XI  on  decoule  que  des  structures 
ddfinies  pour  re3istar  b  des  pressions  aleatoirea  de  niveau  N  ne  sont  pratiquement  pas  affeotdee  par  dea  niveaux  . 
d«  1C  o_  iafdrieuro. 


D'ou,  pour  CONCORDE,  1' Equivalence  : 

-  1  minute  d'essai  avec  niveau  de  bruit  global  correspondent  au  rdgime  max  rdacteur  »  1  vcl 

-  1  heure  d'essai  avec  niveau  de  bruit  global  correspondent  au  rbgime  max  rdaotsur  a  ;6C  vols 


-  400  heures  d'essai  avec  niveau  do  bruit  global  correspondent  au  rdgime  max  reacteur  ■  ^4000  vole, 
soit  la  vie  de  1' avion,  facteur  ds  dispersion  non  compria. 

r 

Pour  d'autres  types  d'avlon,  ok  les  diffdrentes  aouroes  d'excitation  ont  des  niveaux  du  m@mo  ordre ^ 

1 ' equivalence  est  beaucoup  plus  difficile  b  etablir.  Par  example,  pour  CARAVELLK,  il  n'a  paa  dte  possible  de 
realiser  b  priori,  une  equivalence  "easais  jet-noise  ■  heures  de  vol".  Celle-ci  n'a  pu  Stre  estimee  qu'u  posteriori 
en  etablissant  une  relation  entre  los  dommngea  releves  sur  un  certain  nombre  d 'elements  d'avions  en  service,  et 
ceux  detectes  sur  les  Elements  similaires  easayea  b  la  fatigue  sonore.  Cette  equivalence  vurie  d'ailleurs  d'un 
element  b  un  autre.  Ella  dtait  par  exaople  de  ! 

1  H  d'eaaai  >5  heui'es  de  vol  sur  le  snumon  de  plan  fixe 

1  H  d'eaaai  10  heures  do  vol  sur  lo  volet  do  profondeur 


:  1  '  .'fi , .  DEFINITION  DEE  3PR0UV1OTE3 

,  Esaais  aelectifa  :  les  eprouvettes  doivont  6tre  la  copio  fidble  des  solutions  at  rue  turn  les  dtudides. 

•'•le  moinlre  ddtail  a  son  importance.  Leurs  dimensions  dovront  6tre  auffisontes  pour  obtenir  doa  reponses  dynamiques 
..  rdalistea.  Si  la  structure  etudide  comporte  des  cadres  et  lisses  formant  maillage,  1 1 eprouvotte  devra  en  posBbder 
pluoieurs,  afin  d'eliminer  les  conditions  limites  6t  de  ne  considdrer  pour  1* exploitation  doa  rdaultnts,  que  les 
ina,.Hea  crntrales.  la  comparaiuon  de  dlffdrentes  solutions  atructuralea  n'est  vruiment  probante  que  si  los  eprou- 
voctes  do  Chaoun  dea  types  etudida  ont  dea  masses  unitaires  equivalentes . 

Essais  qualificatifs  :  lea  eprouvettes  seront,  si  posaible,  dea  dldments  "grandeur"  (gouvorne  par 
example ),de  raam&ro  b  ne  paa  ndgliger  loa  formes  propres  d'enaomtle,  sur  losquelles  se  auperpoBeat  lea  vibrations 
ds  mailloo,  A  db'faut  d'dldmenta  reels,  choisir  toujours  des  eprouvettes  dont  les  dimensions  lea  plus  grandes  pos¬ 
sibles,  seront  compatibles  aveo  1' installation  d'essais. 


F.  KOISijS.  Ji'Eji.lAIS 

Plusiflurs  moyens  d'easais  peuvent  Stre  utilises  oomme  aouroe  d'exoitation  s 

a)  rbaoteura  i  pour  simuler  un  bruit  de  jet,  la  3ource  d'exoitation  la  plus  rdaliote  est,  bion  aflr,  3e 
rdaoteur  de.l'avion  dtudid.  Re  typo  d'installation  bien  que  adduiaant,  prdaente  cepondant  doa  inoonvbnients  t  prix 
d'xchat  at.d^entrotlen  -ilevda,  limitation  do  niveau  de  bruit,  souplesse  d 'utilisation,  oto  ... 


b)  gdndrateurs  de  bruit  b  haut  niveau  aonore  i  oos  gdndrateurs  pormottent  de  rtialiser  en  laboratvirs 
dea  ambienoes  aooustiquos  b  niveau  aonore  dlovd,  simulant  ausei  bion  lea  spectres  de  bruit  des  jots,  qua  oettx  dbs 
dooulemdnts  ftdrodjmamiqueo  tourbillonnaires .  Quel  quo  aoit  lo  gdndratour  utiliad  •.  sirbno,  lumt-parlour',  etc  . 
une  installation  d'eaaai  d 'ambiance  aooustique  b  liaut  niveau  sonoro  peut  se  reprdnentor  par  le  oohdma  oi-*doaaous  i 
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-  la  chambre  pout  5tra  ontikrament  rbverbdrante  ou  comporter  une  terninaison  abaorbente , 

-  les  tunnels  k  ondes  progressives  sent  const!,  tubs  par  une  partie  servant  de  ciuuabre  d' experimentation 
suivie  d'une  deuxikme  partie  absorbante. 

Les  dimensions  des  ebambrea  et  tunnels  soat  variables .  Lea  niveaux  sonores  dependent  des  dimensions  et 
du  gdndrstsur. 

Configurations  d'essais  : 

Pour,  les  esoais  acou-stiquea,  plusieurs  configurations  peuvont  dtra  adoptees. 


a)incidence  normaie 


b)incidence  rasante 


c/chambre  reverbdrante 


-  l'inoidonoe  normals  i  dans  efttto  configuration,  l'dprouvotte  forms  tofcalanent  lo  pavilion  et  la 
rdfloxion  du  bruit  sur  la  o trueturo  pi'oduit  un  ranforooment  de  la  prossion  at  par  oonodquont,  une  plus  grande 
intensity  sur  l'dprouvetto  pour  doo  conditions  donndos  du  gdmhateur.  Cool  a  pourtant  un  inconvenient  majour 
dais  Is  fait  qu'uao  resonance  duo  au  oouplago  structure-pavilion  pout  ae  produire, 

-  1*  incidence  raoanie  1  Ik,  la  possibility  do  oouplago  ri'existe  plus  maiu  la  rouforcomont  dee  praseloea 
oat  suppriKii.  lea  niveaux  aont  iaf&ieurs  da  5  k  6  <1B  aux  prdoMenta . 

-  la  ohambre  rdvorbdranto  i  dans  ootte  configuration,  lo  bruit  excite  l'aprouvette  on  incidence  alda- 
toiro.  Pour  do  nombroux  teohnioiona  do  l'Xaronautiquo,  oetto  configuration  oot  la  plus  rdalioto. 

Comma  on  lo  volt,  oliaquo  oolution  presents  avantagos  et  ddfauta. 

C'oot  k  I ' oxptirimentuteur  do  biwi  oom&ttra  son  installation  pour  on  attdnuor  Lou  ineonvdnieato  t  k 
on  tirsr  lo  maximum  d'avantagao, 

0.  KtQCESSUS  D'BiJSArd 

Lo  precoasuo  olasaiquo  d'un  osaai  noons tiquo  oot  lo  auivant  i 

-  sseai  do  resonance 

-  ossai  do  rdponso 

-  ejieai  d'onduranoe 

a)  assai  do  rdoonsaoa  :  oot  esaui  it  pour  but  do  dbfinir  lo  coo  port  ament  dyuaaiquo  de  la  structure 

dtiuUdo  t 

-  frequences  do  resonances, 

-  formes  propree, 

dent  la  oonnaieaanoo  oat  irks  utilo  dana  beaucoup  do  oao,  pour  expliquerl*  Origins  das  dces&ages  obtonun  au  eeure 
do  l'eosai  d' endurance. 

b)  easai  do  rdponoe  i  1  'dprouvette  eat  plaode  dauo  Is  ciuwsp  oonosro  d'un  rdaotour  de  I'avlon  dtudid.  3# 
position  par  rapport  k  la  source  do  bruit  mit  iuontique  i  oelle  ooeupde  aur  avion  par  la  structure  intdreeade. 

-  un. micro,  plaod  k  quelques  oontimktres  de  la  structure,  ouregiotro  lo  bruit  dost  1 'analyse 
porno t  do  ddfinir  lo  apeotrs  d'exoitation 
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-  des  Jaugea  eittehsomdtriques,  coll des  sur  la  structure  ea  das  points  oar&otdristiques,  per- 
mettant  d’earegiatrer  la  rdponse  dynamique  ics  structures  (spectre,  niveau  da  contraintes), 

.  Cea  parambt-res  •  niveau  et  spectre  d' excitation, 
niveau  et  spectre  de  rdponae, 
servant  de  I'bfbrence  h  l'essai  d' endurance. 

c)  essai  d 'endurance  t  quel  que  soit  le  gendrat6ur  et  1' installation  acoustique  utilisde,  la  preaibre 
phase  de  l!essai  d 1 endurance  consiste  &  reproduire  lee  spectres  d' excitation  et  de  repons e  mesurds  au  corns  de 
l'essai  de  rdponse,  Cette  operation,  souvant  assez  longue,  n'est  regie  que  par  des  lois  empiriquea.  Elle  demande 
de  Is  ..part  de  1 ' expdrimontateur  une  bonne . ccrnaissanee  de  son  installation  d'essai, 

la  figure  2  niontre  le  spectre  de  bruit  (analyse  en  1  /'}  d' octave)  relevd  k  50  mm  d'une  structure  excitde 
par  uil  rdaqteur  simple  flux  et  aa  reproduction,  sur  la  tadme  structure,  dwu  la  chambre  rdverbdrante  d'une  instal¬ 
lation  a  haute  tuveau^eunotea, 

figure  5  :  da  la  odme  manibre,  la  figure  3  montre  la  rdponsj  d'une  jauge. 

Comae  on  le  constate,  la  reproduct ibilitb  dee  ph&nombnas  reels  peut  Stre  assurde  pax  une  installation 
k  hr.uts  nivtoux  senores  et  l'essai  d'ettduranoe  entrepris  aveo  le  maximum  de  garanties.  Dea  oontrdles  frdquents,  au 
lroins  toutes  leequlnze  minutes  pendant  les  premibrea  heures  d'essais  sent  absolument  indiapensables ,  Trop  confiants 
des  expdriment&teurs  ont  eu  ia  ddaagrdable  surprise  do  trouver  leur  dprouvette  en  fort  mauvais  4 tat  aprbs  dee 
leaps  d'easais  '  trbs  court's 

5,  CONCLUSION 

Vingt  minutes  ne  pentettant  *ue  de  brossar  un  tableau  trba  ach&aatique  do  ce  que  peut  6tre  la  reohorohe 
expdrimentala  de  la  tenue  des  structures  8  la  fatigue  acoustique. 

les  quelques  rbgles  dnonoeea  ne  doivent  dtre  eonaidbrbes  que  comma  une  time  sur  laquelle  ohaque  caa 
partiouller  peut  litre  advpvd. 

Plus  qu'b  de  grandea  theories,  la  rduaaite  d'un  easai  sera  due  aux  moyens  uiia  an  oeuvre  et  au  bon  sens 
dea  sxpdrimenteteuro . 

Los  installations  k  haute  niveaux  eonorea  aont  de  merveilloux  moyena  d ' investigation  qui  mettant  en 
dvideuoa  lea  moindres  ddfauta  d'dohsntillonnage  ou  de  conception  des  atr  ^turas, 

Les  profits  qui  en  nScultent  aont  gi'andn  et  psxmettont  aur  lea  structures  fccrteiaent  oollioitdoa  dynwai- 
quemejt  u'dvitor  bion  dea  ddboirea  on  exploitation. 


T 


REPARTITION  DES  EXCITATIONS 
AU  COURS  D’UN  VOL 


RE  3 


SESSION  2  DISCUSSION 


RESPONSE  OF  STRUCTURES 


Mr.  Coe  was  asked  several  questions  relating  to  the  analysis  techniques  and  instrumentation  which 
he  had  used.  He  replied  that  the  excitation  spectra  had  been  analysed  on  a  hybrid  system.  It  was 
essentially  an  analogue  system  incorporating  true  integration  to  give  the  required  statistical 
accuracy.  Digical  control  logic  was  used  to  change  the  integration  time,  frequency  bandwidth,  and 
to  control  the  centre  frequency  Stepp'  ;.  Th  bandwidth  was  increased  from  2  Hz  at  low  frequencies 
to  800  Hz  at  20,000  Hz.  The  output  was  in  digital  form.  The  strain  date  were  analysed  on  the 
General  Radio  Time  Data  System.  Smoothing  wa  not  used  so  that  the  absolute  magnitude  o£  the  peaks 
in  the  spectra  could  be  estimated  more  accura.ely.  The  overall  strain  levels  were  measured 
independently  and  found  to  agree  with  the  integrate'  spectra  to  withi;  i(*S 

Dr.  lindberg  was  asked  several  questions  about  the  computation:.!  procedures  which  he  had  used. 

He  replied  that  he  had  considered  four  sub  cases  of  sytaretry  with  different  boundary  conditions  in 
order  to  obtain  all  the  lower  order  modes.  He  had  neglected  ir.plane  inertias.  Matrix  condensa¬ 
tion  and  eigenvalue  economisers  had  beet,  used  to  reduce  the  problem  down  to  about  50  degrees  of 
freedom.  The  running  time  on  the  IBM  .TtsO/b1  machine  was  in  the  range  3  to  7  minutes  with  the 
eigenvalue  extraction  procedure  taking  up  most  of  the  time.  No  advantage  hod  been  taken  of  the 
repetitive  nature  of  the  structure  to  reduce  the  number  of  degrees  of  freedom.  A  sub  structure  . 
analysis  could  have  been  used  to  give  some  saving  in  computer  tin.)  but  this  could  not  give  the  tiise 
savings  of  the  Wittrick  method  or  the  wave  propagation  method  of  Dr.  Mead.  He  had  not  yet  done  tap 
calculations  necessary  to  determine  the  effect-  of  curvature  on  the  rnede  shapes  but  he  did  nut  think 
chat  anything  dramatic  would  happen.  Questioned  on  details  of  his  representation ,  Dr,  lindberg 
replied  that  he  had  used  a  T  bean  representation  of  the  stringer.  He  had  included  9?  of  the  width 
of  the  panel  with  the  flange  of  the  T.  be;.a  and  found  that  this  gave  good  agreement  with  the 
experimental  results.  He  also  said  that  he  had  nog  vet  made  any  estimations  or  measurements  of 
stress  response.  Mr.  Bayerdoyfcr  referred  to  the  .Dernier  work  which  showed  that  the  ratio  of 
stress  in  the  skin  at  the  middle  of  the  stringer  and  frame  attachment  Una*  changes  very  significantly 
with  curvature.  Ur.  Undherg  had  not  yet  studied  this  effect. 

Mr.  Eaton  was  asked  if  he  had  caspared  the  structural  eff  cienciea  of  built  up  and  honey comb 
Structure*  designed  te  resist  acoustic  fatigue.  He  replied  that  the  choice  had  been  dene  on  the 
hast*  of  design  for  static  load*  rather  than  acoustic  fatigue. 

Mr.  Kit’Uby  questioned. Mr;  Cay  »t\  the  philosophy  of  the  qualification  testing  described  in  the 
paper.  The  w»t  tituet  unpd  do  pet  a, near  to  allow  f-v  scatter  in  fatigue  performance,  Mr.  Gay 
replied  that  he  had  tested  at  higher  ««.{*'«  level*  and  used  a  factor  of  J  on  life,  Mr,  Gee 
c, patented,  on  the  possibility  of  interaction  between  the  structural  vibration  and  fluid  flew  at 
transonic  speeds.  This  could  cause  a  much  reduced  damping  and  hence  Higher  ttmi  levels  ad  tne 
aircraft  passed  through  the  transonic  flight  r«$ifte. 
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DESIGN  DATA  FOR  ACOUSTIC  FATIGUE 
by 

A.G.R.  Thomson  and  R.P.  Lambert 

Engineering  Sciences  Data  Unit  Ltd 
251-259  Regent  Street,  London  N1R  7AD 


SUMMARY 

The  Af  ARD  Cooperative  Project  on  Acoustic  Fatigue  Data  Sheets  is  described  and 
the  liums  prepared  undor  Phase  1  of  the  Project  are  discussed  with  particular 
refaronce  to  their  basis  and  derivation.  Areas  where  additional  research  is  needed 
to  improve  the  data  sheets  are  highlighted.  An  Appendix  gives  a  derivation  of 
simplified  equations  used  in  the  data  sheets  for  estimating  •’he  natural  frequencies 
of  honeycomb  panels. 


1  INTRODUCTION 

This  paper  describes  the  acoustic  fatigue  data  sheets  prepared  by  ESDU  under  the 
AGaRO  Cooperative  Project  on  Acoustic  Fatigue  Data  Sheets  and  amplifies  some  points  of 
their  history  and  technical  basis. 

The  Engineering  Scianeoa  Data  Unit  of  the  Royal  Aeronautical  Society  hae  for  many 
years  produced  evaluated  data  for  use  in  many  fields  of  engineering  design,  including 
aircraft  fatigue.  During;  this  period  a  technique  of  preparing  authoritative  design 
data  and  methods  has  been  developed,  whereby  a  permanent  technical  staff  work  with  the 
guidance  and  advice  of  specialist  voluntary  urging  groups  drawn  from  industry, 
universitiea  and  research  eatabliehmtnta.  This  technique  i«  designed  to  ensure  a#  far 
as  possible  that  the  topics  choaar  for  data  sheet  treatment  are  relevant  to  design 
nerd*,  both  in  o'ontant  and  method  of  presentation,  that  the  aietiioda  present-id  are 
technically  suund  ami  that  relevant  and  up-to-date  research  infomat ion  and  practical 
experience  are  fully  taken  into  account  in  Ui-lv  preparation.  The  InrortsatKuv  thus 
produced  1*  presented  in  a  fom  aimed  at  e one*  riant  design  use ,  netting  unnecessary 
detail,  and  attempting  to  cover  the  full  pr&ct;C»l  range  «>f  deeijsn  variables,  hut 
in  ting  out  limita.t  »ne  in  the  validity  of  the  data  where  appropriate. 

a.  BStV E iAVfHKNT  tip  THE  AvAPD  CvafeiWtm  PkOJKdT  <M  A CtHI&tte  FaTIGUK  DATA  SiiKTTS 

In  1 9*u  seese  scuust.ie  fstt^ie  epos-.  s.*i  lets  iti  ;  in*.  V .  h .  approached  the  Royal 
Aerd.nantVcal  inse.ieti  to  enquire  Into  the  puss  1  h  1 1  * ty  of  preparing  dare  sheet e  on 
■acoustic  fatigue  a#  part  of  the  well  eaiithi.is?re,d  eerie*  nr,  d-anventietiai  fatigue  that  . 
had  been  started  in '  the  1950*.  The  S«seletjf,e  FalSgus  ^dseesl  tiee,  after  studying  *ho 
psasihi H tie  * .  undertook  So  pre  per a  an  in it sal  hatch  oT  aeausise  fatigue  data  sheet* 
provided  that  the  work  did  not  interfere  sou  <*ut*h  with  p  rug  rose  cn  their  heavy 
pre^rasrse  of  vorii  eh  oonvettl  Tonal  fatigue  prop  1, esse.  Avftordlhgiy  the  SS.Ae.S.  Acoustic 
Fatigue  Fattel  va*  fo.rsted  tu  carry  nut  the  tasfc* 

fht  procedure  for  design  rewpaneiits  liable  to  tcmitHt  fatigue  was  envisaged 

»Sh«*s»t.t rally  a*  shuun  in  Figure  V.  Not  ail  area*  of  "He  design  procedure  «r»  tusentiMe 
to  dal*  sheet  tres'tsent,  but  stuSh  of  the  part  enclosed  h  '•  the  shaded  line  5«  figure  1 
contaior  s»hje«t  trailer  which  require*  quantitative  anal  si*  hv  Method*  which  had  by 
IP*  srnide*  i  sit  -i  e*  bee  wise  »»»f  f  Sr  tent.  Sy  '  well  -evaluated  to  be  'oft#oS ideted  into  convenient 
data  sheet  f am,  A  pattern  energed  if  tlMtifyittg  tulUbU  data  sheet  material  into 
une  »r  ether  of  the  following;  bate4-*ria». 

LOADING  ACTIONS  «.g.  *e*urd  pressure  level*  due  t*>  Jet  noise 
XAftfcAL  FiiRiit’ii.SCIfcs  of  v.'srsu*!*  idea  1 1  ?*rt  crwptmeni  geoweti-j  s* 

StfLFSS  HiiSPoNSE  of  these  compafteni*  to  a  giv*«  loading  action 
r*fioi*r  i.m;  Esruursas  <»r  various  *<x*po««Mii  part* 

HiSrKldAh'KDdSS  e.g.  SUtrudnctery  Material,  general  definition*,  conversion*  of  unit*  »(<• 

The  JJ.Ac.S.  Acoustic  fatigue  Panel  drew  up  a  progress^  of  data  sheet  verb  oft  thus* 
tine*  and  although  FEW  Staff  could  wot,  at  that  ti»e,  provide  mub  easSMance  frc« 
reaenresa  which  were  already  stretched  by  a  heavy  progr-ao-ns  of  conventional  f.'tigue 
■orit,  due  to  the  enthu.slns*'  end  herd  work  Of  the  Acoustic  F«t*gua  5'*nel  an  in.llsl 
group  of  «leven  Data  Stew*  vat  prepared,  approved  by  the  fatigue  Corns! t tee  and  issued 
ir.  juet  two  years  from  the  original  suggestion  for  tnu  warit.  A  further  thr**  *t*»a 
were  issued  a  year  later. 

At  the  *as*e  (let  the  AOARM  Slructur**  and  Hater) als  Venal  had  been  concerned  with 
activities  in  sfcoustlc  fatigue  sine*  -iPl'O  'lie  hnd  achieved  con* S daratsl »  success  In 
coordinating  and  aneouraglng  acoustic  ifet-ig'io  r^aaarch  l»  the  NATO  Nation*.  Uy  1  VbU 
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the  Tar. el's  Specialist  Group  on  Design  in  Acoustic  Fatigue,  under  the  Chairmanship  of 
the  Par  el's  Coordinator  in  Acoustic  Fatigue,  Professor  B.L»  Ciarkaon;  was  able  to 
report  during  the  28th  Panel  Meeting  in  Dayton  the  idontif ication  of  six  subject  areas 
in  which  sufficient  re: "arch  results  had  been  accumulated  of  a  suitable  kind  to  warrant 
their  immediate  consolidation  and  presentation  in  design  data  sheet  form. 

Arising  from  this  a  project  was  initiated  under  which  ESDU  agreed  to  revise  and 
extend  the  existing  data  sheets  with  the  support  and  collaboration  of  AGARD.  The 
project  was  to  be  managed  by  a  collaborative  structure  as  shown  in  Figure  2  and  was  to 
be  carried  out  in  two  phases. 

'the  subjects  chosen  for  the  first  phase  of  the  project  were 

(a)  Jet  noise  near  field  prediction 

(b)  Stress  response  of  flat  stiffened  panels 

(c)  Stress  response  of  curved  stiff  me'*  panels 

(d)  Natural  frequencies  of  flat  and  curved  neycomb  panels 

(e)  Stress  response  of  honeycomb  panels 

(f)  Random  S-N  curves  for  light  alloys 

Da  ;a  .Sheet’d  on  the  firot.  three  of  these  were  issued  as  AGARDograph-162  Part  1  in 
May  1972,  and  the  remainder  have  been  completed  and  are  scheduled  for  publication  in 
tho  Autumn  of  1972.  The  desi..:;  information  arising  from  Phase  1  is  discussed  in  the 
following  sections. 

3.  NKAR-FIELD  JET  NOISE  ESTIMATION 

. jveral  methods  of  sstimation  of  near-field  jet  noise  were  already  available  and 
a  choice  from  these  was  made  in  the  light  of  a  comparison  (Reference  16)  of  the 
predictive  accuracy  of  four  of  the  most  widely  used  techniques.  The  near-field  noise 
contours  predicted  by  each  method  were  compared  with  results  from  recent  full  scale 
a.id  hot  mo 'el  tests  representative  of  current-tecnnology  engines.  The  comparison  was 
made  on  the  basis  of  both  shape  of  the  contours,  judged  subjectively,  and  the  magnitude 
of  the  noise  levels. 
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thods,  namely  the  existing  R.Ae.S.  data  sheet  method  and  the  method 
Plumblee  at  Lockheed-Georgi a  which  were  developed  in  the  late  1960s, 
better  predictions,  not  surprisingly,  than  methods  developed  a 
WADC  and  Rolls-Royce.  The  R.Ae.S.  method  gave  good  predictions 
w  axial  distance  from  the  jet  nozzle,  and  gave  contour  shapes  in 
ith  tiie  tost  results  than  Plumbleo'u  method  and  did  not  require  the 
for  the  predictions.  Accordingly  the  existing  R.Ae.S.  method  was 
te  its  limitations  more  thoroughly,  and  adopted  for  the  AGARD  data 
2  Reference  1. 


However  it  is  considered  that  Plumblee's  method  could  be  further  developed  to 
give  significantly  better  predi  '•t  Lc  £.  than  the  othc.  ...ethods  examined  as  it  is  more 
soundly  based  theoretically,  and  has  considerable  flexibility  in  varying  the 
coofficionts  in  the  basic  equations  used.  One  lino  of  development  that  has  been 
suggested  is  to  modify  the  method  to  use  an  extended  or  multiple  source  rather  that  a 
point  source. 

, he  R.Ae.S.  method  is  empirically  based  on  a  set  of  reference  near-fiold  noise 
contours  und  spoctra  compounded  at  a  datum  Jet  velocity  and  density  using  measuremsnta 
available  in  1967  from  several  different  engines.  The  reference  levels  thus  obtained 
.re  corrected  for  the  actual  Jot  velocity  using  a  space  and  velocity  dependent  velocity 
index  derived  empirically  and  given  in  graphical  form.  A  correction  for  Jet  temperature 
is  made  by  way  of  jet  density  in  the  usual  way.  Further  corrections  are  suggested  for 
reflections  from  adjacent  surfaces.  The  spectrum  shapes  are  assumed  to  vary  axially 
but  uo i  radially. 

The  m *v c hod  allows  calculation  of  spectrum  levels  at  a  given  point  in  the  near 
field  very  quickly  and  with  acceptable  accuracy  but  it  would  bo  useful  to  supplement 
if  nt  a  Inter  date  with  n  computer  program  to  give  tho  complete  field.  Further  work 
is  required  to  improve  tho  nocuracy  of  prediction  under  reheat  conditions. 

I«.  NATURAE  FREQUENCIES  OF  SKIN -STRINGER  PANELS 

In  a  preliminary  estimato  of  stresses  in  the  skin  of  acoustically  excited  skin- 
stringer  panols  it  is  normally  sufficient  to  consider  vibration  only  in  the  1 stringor- 
bonding1  mode  of  tne  complete  panol,  in  which  individual  plates  may  be  assumed  to 
vibrate  in  their  fundamental  fixed-edge  mode.  However  interpretation  of  experimental 
results,  or  more  complete  analysis  of  skin-stringer  panels  calls  for  a  detailed  know¬ 
ledge  of  the  froquoncios  of  the  many  modes  of  vibration  of  tho  complete  panol,  for 
example  those  shown  in  Figuro  3*  The  calculation  of  those  modes  in  the  general  case 
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is  arduous,  hut  fortunately  many  examples  of  panels  in  aircraft  structures  may  be 
regarded  as  periodic,  i.e.  consisting  of  a  uide-by-side  assemblage  of  identical  plate/ 
stiffener  elements.  In  this  case  the  calculations  can  be  considerably  simplified, 
using  a  wave  approach,  as  shown  by  Mead  and  Sen  Gupta  (Reference  k) ,  This  method  has 
beon  adapted  into  data  sheet  form  in  Section  j  of  Reference  1,  employing  a  modified 
form  of  presentation  of  the  design  curves  which  avoids  the  need  for  graphical 
construction  inherent  in  the  source  references. 

The  design  curves  in  the  data  sheet  were  computed  by  ESDU  using  the  University  of 
London  Atlas  computer. 

5.  NATURAL  FREQUENCIES  OF  SINGLY-CURVED  PANELS 

Section  4  of  Reference  1  gives  a  method  of  calculating  the  natural  frequencies 
of  rectangular  singly-curved  plates  with  simply-supported  or  fully  fixed  edges. 

For  the  simply-supported  case,  the  natural  frequencies  are  ohtained  from  the 
exact  solution  of  the  simplified  equation  of  motion  given  by  Fliigge  (Reference  6). 

In  simplifying  the  equations  of  motion  the  panels  are  considered  to  be  thin  and  shallow 
and  shear  deflection  end  rotary  inertia  terms  are  neglected. 

Webster's  double  power  senes  method  is  used  for  the  fixed  edge  case.  The  method 
of  solution,  based  on  the  Rayleigh-Ritz  method,  is  described  in  Reference  7.  The 
accuracy  of  the  solution  depends  on  the  number  of  terms  used  in  the  power  series  and 
this  is  generally  limited  by  the  computer  store  available  and  computing  costs.  It  is 
further  limited  by  the  fact  that  the  equations  may  become  ill-conditioned  as  tho 
nu.nber  of  terms  is  increased.  The  design  cuives  in  Reference  1  were  computed  by  ESDU 
using  a  prograi.  provided  by  Nottingham  Universi ty' which  was  modified  to  run  on  the 
University  of  London  Atlas  computer.  The  number  of  terms  used  in  the  power  series  was 
increased  (generally  up  to  four  terms  in  each  direction)  until  the  change  in  predicted 
frequency  was  small  enough  to  be  insignificant  for  general  design  purposes. 

As  fixed-edge  plate  mode  shapes  do  not  have  definable  numbers  of  half-waves  in 
the  two  principal,  orthogonal  directions,  modes  are  identified  by  the  symmetry  or  anti¬ 
symmetry  in  each  of  the  principal  directions  across  the  panel.  Representative  computed 
mode  shapes  are  illustrated  In  the  data  sheet  in  the  f 01  m  shown  in  Figure  4, 

6.  STIFFENED  PANEL  STRESS  RESPONSE  TO  ACOUSTIC  LOADING 

Design  data  in  Section  3  of  Reference  1,  giving  root  mean  square  stresses  in 

stiffened  panels,  are  based  on  u  simple  unimodal  response  theory.  It  i3  assumed  that 

the  individual  plates  in  the  panel  vibrate  predominantly  in  their  fundamental  fixed- 
edge  mode.  This  restricts  the  uai  of  the  data  to  panels  where  the  stiffeners  are 
sufficiently  rigid  in  bending  to  give  approximately  fixed-edge  conditions  for  individual 
plates.  It  is  further  assumed  that  the  pressure  is  uniform  and  in  phase  over  the  whole 
of  an  individual  plate,  and  that  the  spectrum  level  of  acoustic  pressure  is  constant 
over  tho  frequency  range  close  to  the  fundamental  natural  frequency  of  the  panel.  . 

The  r.m.s.  stress  at  the  middle  of  the  rivet-line  along  the  longer  edge  is 
obtained  directly  from  a  nomograph.  The  stress  at  the  .  ivet  line  was  chosen  as  the 
reference  stresB  because  failures  generally  originate  at  that  position  and  it  usually 
correspond?  with,  or  is  sufficiently  close  to,  the  failure  line  position  at  which  Srnia~N 
data  are  available  from  coupon  tests  for  life  estimation. 

Guidance  is  given  on  applying  a  factor  to  obtain  approximate  root  mean  square 
stresses  in  the  case  of  control  surfaces,  and  other  box-type  structures,  where  two 
plater  are  joined  by  ribs.  It  is  intended  to  extend  the  method  to  such  structures 
using  a  more  refined  approach  1t»  Phase  Z  of  the  Cooperative  Project. 

The  accuracy  of  the  method  was  assessed  by  comparison  with  the  limited  available 
measured  data,  using  a  typical  value  of  structural  damping  ratio  of  0,017.  For  flat 
panels  the  estimated  stress  values  were  within  a  factor  of  two  either  way  of  the 
measured  values,  but  for  curved  panels  the  data  tended  to  overestimate  stress. 

A  comparison  of  estimated  r.nd  measured  rivet  line  stresses  for  aircraft  tailplanes 
and  control  surfaoes  showed  that  for  root  mean  squaro  stresses  below  100  MN/m®  the 
predictive  accuracy  is  of  the  same  order  as  found  for  flat  panels.  Above  this  stress 
level  tho  theory  tend®  to  underestimate  the  measured  stresses.  In  estimating  the  box 
structure  stresses  the  panels  were  assumed  to  be  flat  since  curvaturo  was  small  and 
varied  over  the  panel  surface. 

7.  RANDOM  LOADING  S-N  CURVES  FOR  ALUMINIUM  ALLOYS 

The  random  loading  S-N  data  given  in  Section  1  of  Reference  2  are  a  compilation 
of  avai.lablo  experimental  results  obtained  from  reversed  bending  tests  on  coupon 
spooim^is  ^ubjooted  to  narrow  band  random  loading.  Because  of  tho  limited  amount  of 
data  available  a  meaningful  statistical  analysis  is  not  possible.  Data  are  grouped 
according  to  specimen  type,  ritet  type  and  material  syocif ioation  and  a  least-squares 
line  is  drawn  through  each  set  of  data. 
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Tho  only  data  available  in  sufficient  quantity  for  guidance  in  deDign  against 
acoustic  fatigue  are  from  reversed  bending  tests  about  a  zero  mean  stress.  In  the 
absence  of  test  data  it  is  recommended  that  allowances  for  variation  of  mean  stress 
be  mads  using  constant  amplitude  fatigue  data  replacing  alternating  stress  v  lues  by 
root  mean  square  values.  Data  for  correction  for  mean  stress  variation  for  constant 
amplitude  loading  may  be  found  in  Reference  6. 

Only  test  data  for  al-aiain.  urn-copper  alloys  has  been  included  in  the  AGARDograph. 
Some  data  were  available  for  aluminium-zinc  al voys  (D.T.D.  6S7  and  7075)  but  were  not 
included  as  these  materials  have  poor  crack  propagation  properties,  compared  with 
aluminium-copper  alloys,  which  make  them  generally  less  suitable  for  use  in  an 
acoustic  environment,  although  the  lifs  to  first-  crack  in  these  aluminium-zinc  alioya 
is  similar  to  that  for  aluminium-copper  alioya. 

Some  data  from  push-pull  tests  were  available  (References  7  and  8)  but  these  also 
were  not  included.  A  comparison  between  reversed  bending  ar.i  push-pull  data  did  not 
show  the  expected  irend  of  lower  livea,  at  a  given  stress  level  for  the  push-pull 
tests.  This  trend  was  expected  since  in  axial  .oading  tests  the  yclume  of  material 
stressed  to  a  maximum  is  much  greater  than  in  reversed  bonding  testa,  hence  there  is 
a  higher  probability  of  a  flaw  being  present  in  the  highly  stressed  region. 

Data  are  given  in  the  ACARDograph  for  three  types  of  specimen,  representative  of 
sheet  alloy  in  bending  without  stress  concentration,  riveted-sk.in  Joints  and  rib-flange 
connections. 

During  the  initial  stages  of  data  correlation  for  riveted-skin  specimens  the 
reference  stress  was  taken  at  the  rivet  line.  Because  of  different  types  of 
construction,  and  consequent  differences  in  stress  concentration  factors  in  the  rivet 
area,  it  was  not  possible  to  obtain  agreement  between  results  from  different  t»Bt 
facilities  by  this  method  and  it  was  found  necessary  to  use  the  stress  at  the  failure 
line  as  the  reference  stress. 

When  comparing  random  loading  S-N  data  from  different  sources,  differences  in 
testing  technique  contribute  to  considerable  scatter.  One  of  these  differences  is  in 
the  definition  of  failure  which  is  usually  detected  by  changes  In  resonant  frequency 
and  damping.’  A  further  difference  is  in  the  definition  of  number  cycles  to  failure 
which  may  be  the  number  of  positive  peaks  or  the  total  number  of  zero  crossings  with 
positive  slope  or,  in  narrow-band  tests,  the  product  of  the  test  specimen  resonant 
frequency  and  the  time  to  failure. 

In  rand  .'at  vibration  fatigue  teste  the  applied  load  spectrum  is  truncated  to  a 
prescribed  factor  of  tho  r.m.s.  The  stress  truncation  level  for  data  presented  in 
the  AvJAKDograph  varied  between  ^3  and  if*.5  times  the  root  mean  square  value.  This 
range  accounts  for  some  of  the  scatter  and  perhaps  much  of  tho  discrepancy  between 
results  from  different  laboratories.  .Further  work  in  quantifying  the  effect  appears 
to  bo  necessary. 

Because  of  the  scatter  in  test  results  and  possible  differences  in  test  methods 
it  would  be  useful  to  check  to  what  extent  tho  test  facilities  and  test  technique 
affects  the  scatter  in  data.  This  could  be  done  by  testing  a  number  of  specimens, 
made  by  one  manufacturer  to  a  standard  specification  from  the  same  batch  of  material., 
in  eaoh  test  facility. 

8.  NATURAL  FREQUENCIES  OF  SANDWICH  PANELS 

Section  2  of  Reference  2  gives  graphs  and  a  nomograph  for  estimating  the  natural 
frequencies  of  flat  or  curved  sandwich  panels  with  cores  of  zero  flexural  stiffness. 

For  practical  purposes  cores  of  honeycomb,  expanded  plastic,  end-grain  balsa  etc.  can 
be  regarded  as  having  zero  flexural  stiffness,  and  the  data  have  been  derived  with 
honeycomb  cores  primarily  in  mind.  The  data  were  based  on  Jacobson's  work  (Reference 
ll),  but  some  simplifications  and  extensions  were  made  that  warrant  further  explanation 
hers.  Details  are  given  in  Appendix  A.  The  rather  complicated  equations  obtained  by 
Jacobson  (Equations  16,  17  and  18  of  Reference  8)  for  the  natural  frequency  of  a  simply- 
supported  curved  sandwich  panel,  in  which  the  face  plates  carries  all  tho  bending 
moment  and  an  orthotropic  core  carries  all  the  shear  load,  can  be  broken  down  to  the 
formi 

f  “  fu°l(C2  +  C3C4)  ^  (S’1* 

where  f  is  the  natural  frequency  of  the  sandwich  panel  and  f  is  a  reference 

natural  frequency,  takon  as  that  of  a  solid  panel  of  the  same  density  and  Young's 
modulus  as  the  sandwich  panel  face  plates  and  of  thickness  equal  to  tho  distance 
between  the  mid-planes  of  the  face  plates.  The  faotor  C1  is  a  function  of  core  and 

faoeplato  thicknesses  and  densities  and  takes  aooount  of  tho  differences  in  stiffness 
and  density  of  the  sandwioh  pan9l  and  the  referonce  model.  The  parameter  C£  takes 

account  of  the  shear  flexibility  of  the  sandwioh  panel,  while  is  a  function  of 

ttspeot  ratio  in  a  curved  panel  and  a  function  of  the  ourvature. 
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Broken  down  into  this  form,  the  frequency  fu  can  be  obtained  from  existing  data 
sheets ,  while  >  C2  ,  C„i;  and  can  each  be  preaentod  in  simple  graphical  form 

end  the  frequency  of  the  sandwich  panel  thus  obtained  from  Equation  8.1* 

The  method  of  prediction  for  i±at  panels  hae  been  validated  for  aluminium  alloy 
honeycomb  panels  using  experimental  data  by  Ballentine  (Reference  12) .  The  comparison 
between  calculated  and  measured  frequencies  is  shown  in  Figure  5.  The  panels  tested 
had  reduced  thickness  edges,  and  in  calculating  the  frequencies  it  was  assumed  that 
the  edges  were  simply-supported  at  the  attachment  lines.  The  finite  rotational 
stiffness  at  the  edges  can  account  for  the  general  slight  underestimate  of  frequency* 
Taking  the  ratio  of  bending  stiffnesses  at  the  edge  and  at  the  full  section  (for 
panels  of  similar  doaign)  as  a  measure  of  rotational  restraint  at  the  edges.  Figure  6 
shows  the  effect  of  rotational  restraint  quite  distinctly*  Nevertheless  the  results 
do  confirm  that  it  is  sufficiently  accurate  for  design  purposes  to  assume  simple- 
support  conditions  nt  the  edges  of  honeycomb  panels  with  reduce  thickness  edges  unless 
heavy  doublers  are  used  at  the  odges  or  the  face-plates  are  abnormally  thick  compared 
wiwh  the  panel  depth. 

It  may  be  noted  from  Figure  5  that  the  frequencies  in  the  (1,2)  mode  are 
distinctly  underestimated  compared  with  those  in  the  (2,l)  mode.  Examination  of  the 
individual  test  results  suggests  that  the  effect  of  core  orthotropy  may  be  insuffic¬ 
iently  accountod  for  in  the  theory  e«g.  experimental  frequencies  for  the  (2,1)  and 
(l,2)  modes  in  a  given  square  panel  differed  more  than  could  be  explained  by  the 
difference  between  shear  moduli  in  the  two  directions.  This  point  may  warrant  further 
investigation  when  very  accurate  estimates  of  natural  frequency  are  required,  but  the 
-  discrepancies  are  not  though  to  be  significant  in  the  context  of  acoustic  fatigue  life 
estimation. 

9.  SANDWICH  PANEL  STRESS  RESPONSE  TO  ACOUSTIC  LOADING 

Design  data  for  the  stress  response  of  sandwich  panels  under  the  action  of  jet 
noise  givan  in  Section  3  of  Reference  2  are  also  based  on  Jacobson's  work  (Reference 
ll).  In  this  theory  unimodal  response  is  assumed.  Other  basic  assumptions  are 
uniform  spectral  density  of  acoustic  pressure  over  the  panel,  facing  plates  of  equal 
thickness,  shallow  curvature  and  simply-supported  edge  conditions. 

The  response  mode  for  both  flat  and  curved  panels  is  taken  to  be  the  fundamental 
mode  having  one  half  wave  in  each  of  the  principal  directions  across  the  panel.  The 
unimodal  response  assumption  restricts  the  range  of  applicability  of  the  design  data 
to-  cases  where  the  fundamental  frequency  is  well  separated  from  the  higher  mode 
frequencies.  This  condition  is  best  satisfied  when  panels  are  flat  and  square. 

Further  tests  are  required  to  determine  the  accuracy  of  the  theory  for  panels  of 
aspect  ratio  greater  than  2.0  and  for  all  ranges  of  panel  curvature. 

The  data  give  an  estimate  of  stress  at  the 
panel  centre.  The  stresses  at  the  edges  are 
dependent  on  detail  design  of  the  edge  attach¬ 
ments.  For  typioal  panels  with  reduced  thickness 
edge#  there  is  an  additional  factor  illustrated 
in  Figure  7  which  should  bo  considered  when 
estimating  panel  centre  atressea.. 


In  the  basic  theory  the  panel  is  assumed 
to  be  supported  at  the  neutral  axis  and  mid- 
plane,  or  membrane  stresses  which  would  occur 
if  the  supports  were  rigid  in  the  plane  of  the 
panel  are  quite  negligible  for  deflections  of 
the  magnitude  induced  acoustically.  However  if 
the  panel  is  supported  rigidly  in  translation  in  the  planeof  one  of  the  faoe-plates, 
as  in  the  usual  panned  configuration,  Swears  (Reference  13^  hae  suggested  that  the 
situation  is  quite  different.  The  in-plane  stress  due  to  deflection  remains  insigni¬ 
ficant,  but  now  the  outer  face  plate  strain  ia  oonatrained  to  zero  for  supports  rigid 
in  translation.  This  results  in  a  relief  of  stress  in  the  oentre  of  the  outer  face 
plate  and  an  increase  of  stress  in  the  inner  face-plate.  Experimental  evidence  for 
this  effsot  is  conflicting,  but  it  seems  clear  that  the  ratio  of  stresses  in  the  inner 
and  outer  face  platee  will  depend  quite  strongly  on  the  degree  of  in-plane  restraint 
of  the  support,  and  this  oouid  aooount  for  observed  discrepancies  between  data  from 
different  sources. 

If  this  effect  really  doe#  exist  to  any  marked  extent  it  is  important  and 
deserves  further  investigation. 

10.  CONCLUSIONS 

To  date  eight  data  sheets  for  design  against  aooustio  fatigue  have  been  prepared, 
completing  Phase  1  of  the  AGARD  Cooperative  Project  on  Aooustio  Fatigue  Data  Sheets. 
Work  is  in  hand  in  the  preparation  of  further  design  data  under  Phase  2'  of  the  Project 
which  will  deal  with 
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Near-f iold  compressor  noise  prediction 
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(a) 

(b)  Natural  frequencies  and  stress  response  of  stiffened  panels  with  stringers 
of  IjW  bending  stiffness 

(c)  Natural  frequencies  and  stress  response  of  box  and  control  surface 
structures 

(d)  Structural  damping 

(e)  Random  S-N  curves  for  titanium  alloys. 

Users  of  the  data  are  encouraged  to  advise  the  Engineering  Sciences  Data  Unit  of 
their  experiences  in  using  the  data  and  to  draw  attention  to  any  additional  information 
which  may  be  of  value  in  future  extensions  and  amendments. 
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APPENDIX  A 

DERIVATION  OF  SIMPLIFIED  EQUATIONS  FOR  NATURAL  FREQUENCIES 
OF  FLAT  HONEYCOMB  PANELS 


NOTATION 


density  factor  J 


HO 


1/2 


shewr  stiffness  faotor, 


I  1  +  (  i  Jr'f ) 


t 


•i/2 


Cj  panel  curvature  parameter 

D  bending  rigidity 

E  Young's  modulus 

Ef  Young's  modulus  of  face-plate  material 
0  ihaiir  modulus  of  isotropic  core 

0  (Ov  transverse  shear  moduli  of  orthotropic  core  ir.  a-  and  b-direc lions 
respective ly 

0Q  effective  sheer  modulus  of  orthotropic  core 

J  non-dimensional  params'  r 

non-dimensional  parameters 

mass  density  (tor  unit  area,  of  panel 

T  stiffness  ratio  parameter  <i  a2b/l»a** 

a  length  of  straight  edge  of  panel 

b  length  of  curved  edge  of  panel 

f’e  natural  frednaddy  of  curved  eami*ieh  panel  . 

fg.  natural  frequency  of  flat  sandwich  panel,  neglect! tig  site??  da  1'ormat ion 

natural  frequency  of  flat  sandwich  oanel,  tailing  account  of  hear 
s  deformation 

f^.  natural  frequency  of  flat  solid  panel  of  thieisneas  (h»tf) 

f t  natural  frequency  of  flat  solid  panel  of  t^icJMeee  t 


a«n  muaber  of  half  waves  along  sides  of  lengths  a  and  fc  respectively 
t  thickness  of  solid  p^r, , i 

tf  face-plate  thickness 


¥  ratio  of  core  shear  moduli,  Q. /O 

r?  H 

u  aspect  ratio  of  modal  ps^em,  an/ab 

p  was*  density  or  panel 

fe  mass  density  of  sandwich  p-Anai.  cor* 


Maas  density  of  sandwich  panel  faceplates 
tf  Poisson's  ratio 


A2.  FREQUENCY  EQUATIONS  FOR  FLAT  PANEL 


Tho  well  known  equation  for  the  natural  frequency  of  a  simply-supported  flat 
rectangular  panel  neglecting  shear  deflections,  ia 


-^2  /X  .  m2(  l+p2)  . 

2a  v  M 


(Al^ 


Charta  for  rapid  evaluation  of  this  equation  are  readily  available,  e.g.  in 
Reference  11*  • 


Pr  • 


In  the  case  of  a  solid  panel  of  thickness  t  =  h+t^.  ,  modulus  E^  and  density 


Lf;o. 


V 


t  12(l-<T*)f>ft 

For  a  sandwich  panel  (with  a  core  rigid  in  shear,  but  of  zero  flexural  stiffness) 
of  oora  thickness  h  and  faceplate  thickness  t , 


Eftf(h+tf)‘ 


aU-<r^Hpete*apftf) 


Hence 


or 


► 

1 

p  -e 

' 

JL 

/ 

.V 

tf 

*w 

>  1/2 


Vl 


h) 

(A£) 


1/2 


*3.  '  IfWt  m  CORE  SHKAH  Sflffjsm 

For  a  eaudwinit  penal  having  an  isotrnpic  core  of  -•  fieewral  stiffness,  and 
taking  shear  defamation  into  ee count,  Equation  ?  of  S«?ierenee  11,  be  written  in 
the  for*  ,  /■> 

...  -  r.  A  >  •  .  l,c,cs,.  i«) 


V.  •  v/ 


Aar  8*f*£GT  Of  CORE  OKTHhtROPY 

fexA'af nation  ®f  espariewntai  reswlt#  (Reference  IS)  suggest*  that  o.r-J'htHrepy  of 
tho  wr*  e*n  Hove  a  atghif leant  *f fast  on  the  natural  fraq«*nei«*  «f  •  Hotteyvoaib  panels 
.of  practical  dlieanefon* .  ft  .U  «»A»sn  design  preetiee  to  ignore  the  direct!  eftail 
effect*  s>f  core  orlhotropy  in  calculating  the  natural  frequencies  by  bain*  sti  effective 
value  of  oar*  •Hear  aetlxslua  G  a  St*  •»$*«#  of  U  in  A?,.  'HM U"nW.» 

<C  St  « 

Apprnsieatlan  |iv*#  net  ief»«*tocy  re»«iS«*  rrr  the  fusnt«s*ht4i'.*tade  ef  hesrty  Severe 
pastel*,  it  oaanot  b«  expected  to  apply  with  any  o^etire.'; s«  to  puntie  wi  th  high 

••fiect  r»ihf  <w  to  .ntc-doa  with  high  r*u«  of  wavelength*  in  tint  Svr.ir.clpla 
Vhen  the  frequency  is  nffetter*  noth  wore  by  eftear  etiffstseq-.-AO  i>.»  short  dvroction 
then  the  long  direction. 

Aecnvdln<ly  an  •  was  f.'*d#  to  improve  upon  tbs  v»«  of  *m  eff  stive  »*dulu* 

d  *  JQ’ifc.  1«  Section  2  of  Reference  2. 

oacobjen  (Refare*;*  11  J  .uetic-n*  lb  to  if*)  gl.'-s*  sqvetSsn*  for  tile 
frequency  of  a  flat  or  curved  rectangular  pane)  vlt*»  an  or  tH't  tropic-  tore.  For  •  fief 
p*a*i  thee#  equation*  can  be  reduced  to 


ff.  * 


where 


Vlt**)  ’  "*%  *  -  WS. 

-  23?  (s*Y  *  {fi2ttS*l-«c-Yu2i  V*o,i|  /  tj)  . 

J 

2  *. 

|  3eoy  *  <{  pv{  2ep*tl-<r3j-p41«cr>)  /  T)J 


s  - 


and 


J 


=  4*r  +  (2*/T){  2ji+l-«rr  f2+42{l-o-)]}  -  (f/t2) 

vhere  S'  «  d2(l+o-)2  -  ^2+(l-<r)]  [  24(i2(l-<r)] 

Thus  ,  (corresponding  to  Cg  in  Equation  A3)  is  a  complicated  function  of  x  » 


4  i  <T  and  T  which  contains  too  many  variables  for  presentation  in  simple  graphical 
form«  of 


An  approximation  to 


C 


2 


SC 


was  therefore  sought  and  the 


expression 


suggested  itself  intuitively.  This  can  be  written  in  the  form 


4 


2n  ,  2  2  2\  1  ”1/2 
*_2  -Cm  *U  n  ) 

ha2  G 

c 


where 


U+»*> 

(i+h2/r) 


Equations  A4  and  A3  are  readily  presentable  in  graphical  form. 


(M) 

(A5) 


Comparison  of  with  computed  for  ranges  of  values  of  Yip  and  T 

and  for  <r  a  0  2  showed  that  Cg  «  C^  within  1  per  cent  -vrv or  the  range  of  the 

variables  covered  in  Reference  2,  Section  2.  According!-/  this  approximation  was 
adopted  in  the  data  sheet. 

It  should  be  noted  that  Jacobsen's  equations  were  derived  for  the  fundamental 
mode  only  (m=n=l  in  the  expression  for  p) .  /The  validity  of  extending  their  use  to 
higher  modes,  i.e.  taking  u  a  an/mb  rather  than  a/b,  in  Reference  2,  Section  2 

confirmed  by  comparison  with  Ballentine's  experimental  results  as  shown  in  Figure  5 
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1 .  INTRODUCTION 

In  flight  vehicle  structures,  acoustic  loading  due  to  jet  or  rocket  engines,  boundary  layer  pressure 
fluctuation,  or  separated  flow  causes  high  frequency  vibration  of  the  surface  skin  structure  and  also  the 
internal  support  members.  The  design  of  the  internal  support  structure  to  withstand  this  induced 
vibration  presents  considerable  difficulty  because  of  its  dependence  on  the  fine  detail  of  the  local 
design. 

In  typical  configurations,  the  skin  is  relatively  stiff  and  the  stresses  induced  by  noise  are 
usually  very  low.  The  internal  rib  structure,  however,  is  relatively  light  and  is  prone  to  acoustic 
fatigue  damage.  In  addition  to  the  lightening  holes  and  stiffeners,  the  rib  often  has  many  small  cut 

outs  to  allow  the  skin  stiffeners  to  pas?  through.  In  some  cases  the  skin  stiffeners  are  attached  to 
the  rib  web  by  means  of  cleats.  The  rib  structure  is  thus  a  very  complicated  one  and  often  contains 
many  points  of  high  stress  concentration  which  can  initiate  acoustic  fatigue  failures.  Where  failures 
have  occurred  in  fins  or  tail-planes,  they  have  usually  been  in  the  internal  structure  or  have  started 
internal  !y. 

When  such  a  structure  is  excited  by  broadband  pressures  such  as  jet  noise,  a  complicated  form  of 
vibration  takes  place.  The  skins  vibrate  as  interconnected  stiffened  plates  between  the  Hbs  and  the 
Internal  rib  structur-'  also  vibrates.  The  frequencies  of  lowest  local  coupled  modes  of  this  structure 
are  usually  in  the  acoustic  frequency  range  (100  to  1000  Hz).  The  response  spectrum  for  each  component 
usually  shows  several  predominant  peuks.  Although  the  skin  must  be  forcing  the  ribs  to  vibrate  the 
peaks  in  the  skin  and  rib  spectra  do  not  generally  coincide  in  frequency.  Naturally  there  is  a  coupling 
but  the  predominant  peaks  ere  not  the  same  in  the  two  parts  of  the  structure.  Because  of  the  coupling 
through  the  ribs,  both  skins  vibrate  at  about  the  same  level  aven  when  the  excitation  is  only  applied 
direct  to  one  side. 

Acoustic  loading  on  such  a  structure  results  in  continuously  distributed  pressures  which  have  a 
random  time  history.  Because  of  the  wide  frequency  range  of  the  forcing  pressures,  many  normal  modes 
of  the  structure  are  excited.  The  spatial  relationship  of  the  pressures  (or  cross  spectral  density)  is 
an  Important  parameter  in  determining  which  modes  of  vibration  of  the  structure  are  predominant  in  the 
response.  However  in  design  methods  this  fine  detail  of  the  forcing  function  cannot  usually  be 
included  in  the  analysis. 

This  paper  reports  on  a  study  of  the  vibration  response  of  the  internal  ribs  of  a  structure  repre¬ 
senting  possible  design  variants  for  a  tailplane.  The  test  specimen  was  designed  in  such  a  way  that  the 
ribs  could  be  changed.  Thus  the  effect  of  different  internal  designs  could  be  studied  experimentally. 

A  semi  empirical  method  similar  to  that  used  in  the  AGARD  Data  Sheets  on  Acoustic  Fatigue  Is  proposed  and 
the  estimates  are  compared  with  the  experimental  results. 


2.  DESIGN  OF  THE  TEST  SPECIMEN 

A  multicell  box  structure,  typical  of  aircraft  construction  was  made  and  tested  in  the  high  intensity 
noise  facility  of  the  NASA  Langley  Research  Center.  The  test  specimen,  shown  in  Figure  1,  was  designed  to 
have  relatively  stiff  boundary  meitfcers,  seven  internal  ribs  and  unstiffened  skins.  The  skins  were 
stiffened  locally  over  the  rib  flange  attachment  to  increase  the  rib  in-plane  bending  stiffness.  To  avoid 
the  Introduction  of  extra  (and  indeterminate)  damping,  the  specimen  was  designed  to  be  tested  in  a  free 
free  mode. 

The  design  objectives  for  the  specimen  were: 

1.  Major  coupled  skin-rib  modes  of  vibration  in  the  range  100-500  Hz. 

2.  Overall  free  free  modes  (bending  normal  to  ribs)  of  the  specimen  to  be  higher  than  500  Hz 
(impracticable  to  make  it  much  higher  than  about  500  Hz). 

3.  Overall  bending  (in-plane  bending  of  ribs)  to  be  higher  than  500  Hz  (probably  about  700  Hz  in  this 
design) . 

4.  Coincidence  effects  (matching  of  sound  and  vibration  wavelengths)  should  not  occur  at  frequencies 
below  about  750  Hz, 

The  r<hs  and  skins  were  fastened  together  by  bolts  so  that  a  range  of  rib  designs  could  be  tested 
in  the  same  trail  configuration.  The  first  set  of  ribs  were  plain  unstiffened  plates  with  bent-over 
flanges.  Later  designs  In  the  series  Included  stiffeners,  lightening  holes,  etc.  This  paper  reports 
the  results  of  three  rib  designs. 


a 


i 

a 


! 


) 


l- 


10-2 


Figure  2  shows  the  specimen  installed  in  the  high  intensity  noise  facility  at  the  NASA  Langley 
Research  Center.  The  specimen  is  suspended  by  two  steel  ropes  in  the  wall  of  the  duct  carrying  the  noise. 
A  light  seal  between  the  specimen  and  the  wall  is  achieved  by  strips  of  foam  pl-stic.  This  does  not  add 
any  structural  restraint  to  the  edges  nor  increase  the  damping  significantly.  The  high  intensity 
travelling  wave  sound  field  in  the  duct  is  created  by  two  air  modulators.  The  spectrum  of  the  acoustic 
pressures  on  the  specimen  is  shown  in  Figure  3.  This  shows  that  acoustical  energy  is  present  over  a 
wide  frequency  range  and  thus  many  modes  of  the  structure  are  excited  simultaneously. 

The  strains  Induced  in  the  structure  were  measured  by  foil  strain  gauges  on  the  outer  surface  of 
the  skins  and  on  one  of  the  centre  ribs.  Four  miniature  gauges  were  placed  in  the  bend  radius  of  the 
Hb  flange  in  an  attempt  to  measure  the  local  strains  in  the  region  of  the  attachment  of  the  rib  web  to 
the  skin. 

The  three  rib  designs  tested  to  date  are  illustrated  in  figure  4,  and  figure  5  shows  the  strain 
gauges  installed  on  rib  design  no.  2.  Figure  6  shows  the  strain  gauge  positions  on  Hb  designs  no.  1 
and  no.  5. 


3.  ESTIMATION  OF  RESPONSE  LEVELS 


A  simplified  theory  is  derived  on  the  assumption  that  the  major  part  of  the  response  results  from 
the  contribution  of  one  predominant  node  (see  for  example  reference  2).  The  tests  on  full  scale  structures 
have  shown  that  in  certain  types  of  structure  (usually  large  skin  plates)  the  response  spectrum  may  only 
have  one  major  peak  resulting  from  one  mode  of  vibration,  in  other  structures,  such  as  control  surface 
skin  plating,  there  may  be  many  peaks  in  tne  response  spectrum.  Even  in  this  case,  however,  the  simple 

theory  gives  a  reasonable  estimate  of  the  overall  stress  level.  Nevertheless  it  is  clearly  necessary  to 

examine  the  application  of  the  theory  in  ;i  wide  range  of  structures  to  establish  the  limitations. 


3.1  Single  Mode  Response:  Skin  Structure 


On  the  assumption  that  there  Is  only  one  significant  mode  contributing  to  the  response  and  that  the 
acoustic  pressures  are  exactly  in  phase  over  the  section  of  structure,  a  simplified  expression  for  the 
root  mean  square  stress  in  directly  excited  skin  structure  can  be  written  as: 


'  °0  (1) 
where  &  =  viscous  damping  ratio 

fr  =  frequency  of  predominant  mode 

Gp(fr)  =  spectral  density  of  pressure  at  frequency  fp 

oQ  =  stress  at  point  of  interest  due  to  a  uniform  static  pressure  of  unit  magnitude. 


This  expression  was  first  derived  from  the  consideration  of  a  single  degree  of  freedom  system  by 
Miles  (1).  This  has  been  shown  to  give  reasonable  estimates  of  the  skin  stresses  in  uniform  thickness 
and  stiffened  plate  structures  (2). 


Control  Surfaces: 


In  the  case  of  control  surfaces,  two  skins  are  attached  together  by  ribs  and  thus  both  skins  and 
ribs  vibrate  because  of  the  mechanical  coupling  between  them.  Even  when  the  sound  pressures  are  much 
greater  on  one  side  of  the  control  surface,  due  to  acoustic  shielding,  the  stresses  in  both  skins  are 
very  similar.  These  types  of  structure  are  not  so  amenable  to  the  simple  form  of  analysis  outlined  in 
section  3.1,  as  now  the  energy  incident  on  r -<?  skin,  minus  the  reflected  energy,  is  absorbed  by  two 
vibrating  skins  and  the  interconnecting  ribs.  Consequently,  the  stress  level  must  be  less  than  half 
and  is  possibly  about  one  third  of  that  which  would  have  been  induced  in  a  single  plate.  Making  the 
assumption  that  the  stress  is  reduced  to  one- third  of  the  single  plate  case  the  root  mean  square  stress 
In  the  skin  is  then  given  by 


fr  yV°o¥-  (2) 

This  generally  applies  to  tail  planes,  elevators  and  flaps. 

This  method  has  been  found  to  give  reasonable  estimates  of  the  skin  stresses  in  control  surfaces 
(2)  but  of  course  in  its  simplest  form  It  does  not  give  estimates  of  the  rib  stresses.  An  extension  of 
the  simple  procedure  has  been  proposed  (3)  in  which  a  Rayleigh-Ritz  energy  analysis  is  used  to  obtain 
slightly  ;•  re  realistic  values  for  fp  and  oQ  in  the  equation  above. 

It  Is  assumed  that  the  structure  is  composed  of  a  large  number  of  similar  bays  and  hence  only  one 
bay  is  considered  in  the  analysis  as  shown  in  figure  7.  Beam  functions  are  used  for  the  terms  in  the 
series  expansion  in  the  two  orthogonal  directions  for  the  face  plates  and  the  ribs.  Each  function  in  the 
series  representing  the  displacement  along  the  line  normal  to  the  intersection  of  the  skin  and  rib  is 
chosen  so  as  to  give  continuity  of  displacement,  slope  and  bending  moment  at  the  junction.  The  objective 
here  has  been  to  develop  a  computer  based  model  which  is  able  to  give  good  estimates  of  the  stresses  In 
the  skin  and  rib  at  the  junction  line.  It  is  therefore  essential  to  have  continuity  of  bending  moment 
and  hence  equilibrium  of  stresses  at  this  line. 


(3) 


The  displacement  functions  have  been  chosen  as  follows: 

"(x,)  ‘  ii  J,  v»w 

0(0,1  '  j,  nl  #”'Z"(Z)  ,”W 

where  X(x),  Y(y),  Z(z)  are  beam  functions 

X_(x)  =  cci  5  ~  -  cosh  6_  4  +  B_  sin  S_  t  +  D_  slnh  6_  - 
in''  ma  mam  mam  ma 


(4) 

(5) 


Vz>  B  -cos  tmf  +  cosh  ?m  f  +  Era  sin  cm  f  t^slnh  cfflf  (6) 

Yn(z)  =  cosh  Yr^  -  cos  Yr|*  or(sinh  Yr^»  sin  Yr|)  (7) 

'  ...(ref.  4) 

The  fully  fixed  end  beam  fi.-'ction  has  been  used  for  Y  because  it  is  considered  that  this  is  a 
closer  representation  of  the  fixing  conditions  at  the  spars.  The  series  of  values  used  for  y  and  a 
are  as  given  in  reference  4. 

The  boundary  conditions  at  the  junction  of  the  skin  and  rib  can  now  be  used  to  determine  the 
constants  in  equations  3  and  4.  In  addition  to  displacement  and  slope  continuity,  there  must  be  moment 
equilibrium  at  the  junction. 

The  estimates  of  the  natural  frequencies  and  mode  shapes  can  now  be  obtained  by  equating  the 
maximum  strain  energy  with  the  maximum  potential  energy  in  free  vibration.  The  unit  stress  parameter 
a  is  obtained  by  equating  the  work  done  by  unit  magnitude  static  pressure  in  moving  through  the  dis¬ 
placement  of  the  mode  shape  with  the  maximum  strain  energy  in  the  mode. 


4.  EXPERIMENTAL  RESULTS 

In  all  cases  the  response  spectra  measured  by  the  strain  gauges  show  a  multimodal  form  of  response. 
Many  modes  of  vibration  are  contributing  to  the  overall  stress  at  any  point  In  the  structure.  The  three 
tests  were  carried  out  at  140  d8,  139  dB  and  149  dB  overall  sound  pressure  levels  respectively.  Therefore, 
for  the  purposes  of  comparison  the  results  have  been  converted  to  a  level  equivalent  to  140  dB  overall 
excitation  level  on  the  assumption  that  the  response  of  the  structure  is  linear  in  this  range.  In  the 
majority  of  cases  two  strain  gauges  are  placed  in  similar  positions  -  one  set  on  the  centre  line  of  the 
specimen  and  one  set  4  in.  away  from  the  cer,;re  line.  Within  the  accuracy  of  the  measurements  the 
difference  between  these  two  sets  of  results  is  not  considered  to  be  significant.  Tables  1  and  2 
summarise  the  overall  stress  results  for  the  three  test  specimens. 

Table  1  gives  the  results  for  the  skin  strain  gauges.  This  piece  of  structure  and  the  gauges  are 
identical  in  each  of  the  three  tests  as  only  the  ribs  were  changed  to  construct  the  second  and  fifth 
specimen.  These  results  show  that  the  two  sets  of  strain  gauges  are  giving  similar  results  and  therefore 
the  average  value  is  used  when  making  general  comparisons.  In  the  second  specimen  the  a'erage  levels  are 
about  66X  of  those  of  specimen  no.  1  and  in  the  fifth  specimen  they  are  about  475;  of  speci"»n  no.  1. 

Table  2  gives  the  results  for  the  rib  strain  gauges.  In  this  case  specimens  no.  1  and  5  can  be 
compared  directly  but  in  the  case  of  the  stiffened  design  (no.  2)  the  strain  gauge  positions  are  not 
directly  comparable.  Comparisons  of  average  values  here  is  not  very  useful  as  this  would  conceal  the 
effect  of  the  differences  in  detail  design  features. 

The  results  given  in  Tables  1  and  2  show  that  the  vibration  stress  levels  are  approximately  equal 
in  both  skins.  The  maximum  stress  occurs  over  the  edge  of  the  skin  doubler  closest  to  the  rib  web.  The 
stresses  i.n  the  centre  of  the  skin  panel  are  some  2051  lower  than  the  maximum  values.  For  the  unstiffened 
ribs,  the  rib  stresses  show  good  consistency  between  the  measurement  at  different  positions  and,  as  was 
expected,  the  highest  stresses  are  in  the  bend  radius.  These  are  about  twice  the  maximum  skin  stresses 
and  50X  higher  than  the  stresses  at  the  centre  line  of  the  rib. 

The  shapes  of  the  stress  spectra  at  different  points  on  the  cross  section  of  design  no.  1  are 
illustrated  in  figure  8.  These  show  that  the  predominant  peaks  in  the  skin  spectra  occur  in  the  fre¬ 
quency  range  140  to  200  Hz  (max.  peak  around  164  Hz)  with  a  second  group  of  peaks  in  the  range  200  to 
250  Hz.  In  the  rib  the  maximum  occurs  at  about  250  Hz.  There  are  other  major  peaks  in  the  range  210 
to  230  Hz  and  then  another  group  at  150  to  200  Hz  corresponding  to  the  skin  peaks.  Without  a  much  more 
detailed  examination  it  is  not  possible  to  identify  particular  modes  of  vibration  from  these  spectra. 

The  differences  in  the  response  of  the  three  rib  designs  can  be  seen  more  clearly  in  the  spectral 
analysis  of  the  response  at  each  gauge  position.  Typical  results  for  the  skin  and  rib  are  given  in 
figures  9,  10  and  11.  Figure  9  snows  the  strain  response  at  the  centre  of  the  central  skin  panel  in  the 
direction  normal  to  the  ribs.  By  changing  the  rib  structure  supporting  this  skin  the  response  spectra 
is  changed  to  the  shapes  shown  in  figures  9(b)  and  9(c).  These  are  not  drawn  to  the  same  scale  and 
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therefore  only  a  comparison  of  shape  can  be  made.  If  they  were  to  be  drawn  to  the  same  scale  the  area 
of  each  diagram  would  be  equal  to  the  mean  square  stress.  Figure  10  shows  the  strain  spectra  for  the 
centre  of  the  rib  and  figure  11  shows  the  spectra  for  the  rib  bend  radius.  Figure  10(c)  shows  the 
spectra  of  the  strain  at'the  rivet  line  in  the  centre  of  the  stiffener.  This  spectra  has  a  group  of 
peaks  corresponding  to  the  rib  web  strain  (as  shown  in  figure  10(b))  but  also  a  group  of  peaks  in  the 
■  region  400  to  500  Hz.  This  latter  part  of  the  response  is  associated  with  the  bending  of  the  stiffener 
itself.  In  designs  1  and  2  there  is  no  significant  difference  in  the  strains  in  the  bend  radii  adjacent 
to  the  inner  and  outer  skins  but  In  the  case  of  the  damped  rib  (design  no.  5)  the  strain  in  the  bend 

radius  adjacent  to  the  directly  excited  skin  (fig.  11c)  is  about  twice  that  in  the  opposite  radius 

(figure  lid). 

The  spectra  for  design  no.  1  show  the  two  regions  of  main  response,  i.e.  skin:  140  to  200  Hz  and 
rib:  200  to  250  Hz.  Reduction  in  the  rib  thickness  and  the  addition  of  stiffeners  (design  no.  2)  has 
moved  the  rib  bend  radii  peaks  downwards  in  frequency  to  the  range  180  Hz  to  220  Hz  although  the 
stiffeners  themselves  show  a  major  peak  in  the  region  400  to  500  Hz. 

The  spectra  show  that  the  overall  damping  has  been  changed  by  the  change  in  the  rib  design. 
Estimates  of  the  bandwidths  of  the  peaks  in  the  spectra  suggest  average  damping  values  as  follows: 

Design  No.  1  6  =  0.015  to  0.020 

No.  2  ,.6  «  0.025 

No.  3  -  6  “  0.035. 

These  values  will.  be  used  in  the  estimation  procedure.. 


5.  ESTIMATES  OF  STRESS  LEVELS 

The  approximate  method  given  in  the  AGARD  Data  Sheets  on  Acoustic  Fatigue  (5)  can  be  used  to  esti¬ 
mate  the  stresses  in  the  skin  covers  of  the  box  structure.  For  the  internal  structure,  the  Rayleigh 
Ritz  method  described  in  section  3.2  can  be  used.  This  latter  method  also  gives  an- alternative  estimate 
for  the  skin  stresses^ 

5.1  AGARD  Data  Sheet  Method 
The  structural  dimensions  are: 

a  =  33",  b  =  8",  a/b  =  4.125 

t  »  0,064". 

Fundamental  natural  frequency  (edges  assumed  fully  fixed)  =  220  Hz. 

1/3  octave  sound  pressure  level  at  200  Hz  centre  frequency  =  126  dB  a  109.2  dB  spectrum  level. 

Now  using  the  Nomograph 

|  =  125;  V  =  0.99;  ^  ”  1-64  mm. 

2 

nominal  r.m.s,  stress  at  rivet  line  =  650  Ib/in  . 

The  effect  of  the  outer  skin  and  ribs  is  to  reduce  this  stress  by  a  factor  of  3. 

p  ■ 

Thus  the  estimated  nominal  stress  is  217  lb/inc. 

5.2  Rayleigh  Ritz  Method 

In  this  case  we  use  the  basic  equation  (1)  and  compute  oQ  and  f^  from  the  Rayleigh  Ritz  method, 

Computations  for  a  model  having  the  dimensions  of  the  test  specimen  give  results  for  the  stress  parameter 
oQ  and  the  frequency  of  the  first  mode  (3).  When  the  damping  of  the  specimen  is  taken  into  account,  the 

appropriate  estimates  can  be  made  and  compared  with  the  experimental  results  as  follows: 

r.m.s.  stress  levels  Ib/in  140  dB  overall  sound  pressure  level. 


Experimental 

Estimates 

r.m.s.  strc?/  0an,p1ng 
average  values 

AGARD  Rayleigh  Ritz  Mode  1 

Data  Sheet  <?  r.m.s.  stress 

rms  stress  0 

Design  No, 1 . 

Skin  c  -*:itre 
rivet  line 

Rib  centre 
bend  radius 

.417  0.017 

321 

562 

864 

246  16 

217  87  6 

264  17 

446  29 

cont/d.. 


Design  No.  2. 


Skin  centre 
rivet  line 

Rib  centre 
bend  radius 


Design  No.  5. 


Skin  centre 
rivet  line 

Rib  centre 

bend  radius 


These  results  show  that  the  AGARD  data  sheet  gives  e-timates  for  the  skin  rivet  Tins  stress  which 
are  within  a  factor  of  2  of  the  measured  stresses.  This  mecnod  in  its  present  form  is  not  able  to 
predict  the  stresses  in  the  internal  structure.  The  Rayleigh  Ritz  method  gives  estimates  for  one  mode 
only.  The  stress  spectra  show  that  many  modes  of  vibration  exist  in  the  response  and  thus  these  esti¬ 
mates  are  much  lower  than  the  experimental  results.  To  get  a  realistic  alue,  the  estimates  would  have 
to  be  multiplied  by  the  number  of  modes  having  significant  response.  A  factor  of  15  or  so  would  bring 
the  estimates  into  the  region  of  the  measurements.  Clearly  this  Is  an  unsatisfactory  procedure.  One 
possibility  is  to  use  this  method  to  Indicate  the  ratio  of  stresses  in  the  rib  relative  to  the  skin 
centre.  The  AGARD  Data  Sheets  could  then  be  used  to  estimate  the  skin  centre  stress. 


CONCLUSIONS 

The  results  reported  in  this  paper  show  that  the  overall  response  of  box  type  structures  to 
acoustic  :oads  can  be  reduced  by  changes  in  the  internal  rib  structure.  The  skin  stresses  can  be  pre¬ 
dicted  by  the  AGARD  Data  Sheet  method  but  present  estimation  methods  are  inadequate  to  predict  the  effect 
of  changes  in  internal  structural  details. 
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TABLE  1  Overall  r.m.s.  stress  levels  In  the  skin  at  14C  dB  excitation  level 


Position 


Design  No.  1 
stress  lb/in2 


Design  No.  2  % 

stress  lb/in2  of  1 


Design  No.  5 
stress  lb/in 


r  • 


T 


Position 


Overall  r.m.s.  stress  levels  in  the  rib  at  140  dB  excitation  level 


Design  No.  1 

Design  No.  2 

Design  No.  3- 

stress  lb/in? 

stress  lb/in2 

stress  lb/in' 

r.  ■ 

25 

26 
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781  801 

728 
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*  3- 
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27 

28  , 
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608  m 
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1“  M! 

28 

27  . . 

933* 

448 

162  162* 

H 

29 

31 

In  > 
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29 

30 

31 

459  • 
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•only  one  reading 


Position  of  internal  ribs  (  8^ pi tch  ) 
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SPecmjM  OF  ACOUSTIC  PRESSURE. 


&  STRAIN  GAUGE.  INSTALLATION  RIB  DESIGN  No  1&5. 


L  SiSki 


Frequency  Hz 


(  b  )  Rib  type  No  2 

r  .m  .$  stress  -  728  lb/ 
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CORRELATION  OF  SONIC  FATIGUE-  FAILURES  IN  LARGE- 
FAN  ENGINE  DUCTS  WITH  SIMPLIFIED  THEORY 
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SUMMARY 


The  nature  of  the  large  fan  jet  engine  intake  duct  noise  and  its  effect  on  the  duct  structure  are 
briefly  described.  A  simple  semi-empfrical  method  is  developed  to  predict  the  stresses  in  intake  duct 
structure  induced  by  fan  noise.  The  predicted  stresses  at  the  failure  location,  show  good  correlation 
with  random  fatigue  data  for  bending  across  the  rivet  line. 
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ratio  of  curved  panel  to  flat  panel  stiffness 
Young's  modulus 
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second  moment  of  area  of  flat  panel,  ring 

second  momen  of  area  through  curved  panel  cross  section 

amplitude  constant  for  shell,  ring 

panel  bending  wave  numbers  in  the  x  and  y  directions  respectively 
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mode  numbers  in  the  x  and  y  directions  respectively 
generalized  force,  non  dimensional  generalized  force 
shell  radius 

shell  modal  displacements,  in  the  x,  y  and  z  directions  respectively 

shell  coordinates  in  the  axial,  circumferential  and  radial  directions  respectively 

distance  from  the  ring  neutral  axis  to  the  duct  skin 

constant 

viscous  damping  coefficient 
strain,  ring  strain 

angle  subtended  by  the  'panel1 

Poisson's  ratio  .  — 

mass  density 

stress 

frequency,  natural  frequency  in  radians/sec.  '  , ..J  ■ 


1. 


INTRODUCTION 


The  advent  of  the  high  by-pass  ratio  turbo-fan  engine  has  been  accompanied  by  a  rapid  rise 'in 
the  noise  level  produced  by  the  fan  inside  the  engine  Intake  duct.  The  intake  duct  noise  has  reached 
en  intensity  sufficient  to  produce  large  dynamic  stresses,  even  in  off-resonance  intake  duct  vibration, 
which  exceed  the  fatigue  limit.  . 


Engine  Intake  duct  failures,  attributed  to  the  high  frequency  fan  noise,  have  occurred  on  many 
current  aircraft.  Little  information  concerning  these  failures  (1)  is  available  in  current  literature. 
No  analytical  design  procedures,  that  can  be  applied  in  the  early  design  stage,  have  been  developed 
to  eliminate  these  failures.  The  complex  nature  of  the  fan  noise  field,  varying  in  its  spectral 
content  from  engine  to  engine,  indicates  that  a  semi -empirical  approach  must  be  used  to  describe  the 
duct  structural  response.  In  order  to  understand  the  effect  of  the  fan  noise  on  the  surrounding 
duct  structure,  a  brief  description  of  the  fan  noise  field  is  necessary. 
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2. 


THE  FAN  NOISE 


The  Intake  duct  noise  environment  is  a  function  of  the  fan  diameter,  the  fan  RPM,  the  fan  blade 
tip  Mach  number  and  the  density  of  the  air.  At  low  fan  speeds,  the  acoustic  energy  is  concentrated 
at  the  fundamental  blade  passage  frequency  and  Its  higher  harmonics  as  illustrated  in  Piqure  (I).  The 
corresponding  nolve  field  acting  bn  the  duct  structure,  can  be  visualised  as  the  sum  of  Vobed circum¬ 
ferential  pressure  patterns,  containing  a  predominant  single  positive  and  negative  lobe  per  blade. 

’  These  lobes  are  in  phase  throughout  the  length  of  the  duct  and  rotate  at  the  fan  RPM  (2,  3).,  The 
intensity  of  the  none  field  decays  rapidly  with  distance  from  the  faq  face.  -  - 
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When  the  blade  tip  speed  exceeds  Mach  1,  shock  waves  with  large  crest  factors  are  generated 
near  the  leading  edge  of  the  blades.  The  small  differences  in  the  geometry  in  each  of  the  blades, 
produce  shocks  of  unequal  strengths.  The  stronger  shocks  travel  faster  than  the  weaker  shocks  which 
"-results  in  a  progressively  irregular  circumferential  pressure’ pattern-, -spiralllng  upstream  (4)  at  the 
fan  RPK.  The  angle  of  the  spiral  Increases  with  blade  tip  Mach  number.  The  acoustic  pressure  falls 
off  initially,  within  one  blade  chord  with  the  Inverse  of  the  distance  from  the  fan  face  raised  to 
the  power  of  one  half  (4,  5)  and  thereafter  as  the  inverse  of  the  distance.  In  long  ducts  a  further 
change  in  the  decay  rate  is  observed.  Figure  (2). 

The  spectral  content  in  the  fan  noise  is  characterised  by  discrete  frequency  spikes  at 
multiples  of  the  individual  blade  rotational  frequency,  commonly  referred  to  as  buzz-saw.  Figure  (3). 
Once  the  blade  tip  speed  exceeds  Mach  1,  propagation  becomes  possible  at  frequencies  below  the 
fundamental  blade  passage  frequency.  Each  of  the  buzz-saw  components  has  its  own  critical  blade 
tip  Mach  nunfcer  which  must  be  exceeded  if  propagation  is  to  take  place.  The  theoretically  predicted 
(2,  5)  and  measured  variation  of  Jie  critical  blade  tip  Mach  number  for  each  of  the  buzz-saw 
components,  are  Illustrated  in  Figure  (4). 

The  spectral  content  of  the  fan  noise  is  dependent  not  only  on  the  fan  RPM  but  also  on  the 
variation  of  the  speed  of  sound  with  temperature  and,  therefore,  with  altitude.  The  propagation  of 
_,the  first  few  buzz-saw  components  is  only  possible  at  altitude.  Because  of  the  differences  in  blade 
geometry  from  engine  to  engine,  no  two  engines  will  have  the  same  spectral  content  in  the  fan  noise. 

If  the  blade  tolerances  can  be  improved,  the  spectrum  level  of  the  buzz-saw  components  will  belcon-,  .... 
siderably  reduced  and  the  noise  energy  will  instead  be  concentrated- in  the.  blade  passage  "frequency 
and  its  higher  harmonics.  .  -----  -  -  '  .  . 


3.  THE  DUCT  RESPONSE 


The  rotating  fan  pressure  field  induces  a  similarly  rotating  stress  field  in  the  duct  structure. 
The  circumferential  r.m.s.  stresses  in  both  the  rings  and  the  shell  remain  essentially  constant 
around  the  circumference  of  the  duct. 

The  duct  shell  stress  spectrum,  in  Figure  (5),  exhibits  a  similar  spectral  content  to  that  of 
the  fan  noise,  which  leads  to  the  conclusion  of  a  forced  shell  response.  A  more  detailed  examination, 
however,  indicates  that  some  of  the  buzz-saw  stress  components  are  amplified  over  a  small  region  of 
the  circumferential  mode  number  n.  This  region  occurs  in  the  vicinity  of  the  shell  resonances  (7,  8) 
as  illustrated  in  Figure  (6).  One  or  more  buzz-saw  components  will  coincide  with  the  shell  resonance 
at  some  engine  settings,  but  the  engine  hunting  about  these  settings  would  considerably  reduce  the 
dwell  time  on  resonance. 


The  shell  response  to  the  fan  noise  at  subsonic  tip  speed  and  indeed  to  the  'clean'  engine  fan 
noise  at  supersonic  fan  tip  speed,  exhibits  a  similar  stress  spectrum  to  that  of  the  fan  noise,  with 
the  highest  stress  occurring  at  the  fundamental  blade  passage  frequency,  The  duet  response  in  this 
case  is  forced  by  the  fan  noise  and  is  characterised  by  a  very  sharp  spike  in  the  response  spectrum, 
Figure  (7)  and  Reference  (1). 


4.  SIMPLIFIED  SHELL  THEORY 

In  the  discussion  following  the  presentation  of  Arnold's  and  Warburton's  paper  (8)  on  the 
experimental  verification  of  the  theory  of  cylindrical  shells,  a  simple  method  of  predicting  simply 
supported  shell  frequencies  was  suggested.  It  was  based  on  the  method  for  predicting  the  frequencies 
of  engine  blades  with  curved  cross  sections.  The  stiffness  of  the  blade  was  computed  using  the  second 
moment  of  area  about  the  neutral  axis  drawn  through  the  curved  cross  section  of  the  blade,  Figure  (8). 
Considering  the  expression  for  the  frequency  of  a  simply  supported  flat  plate,  given  by 


'•Hr)'  «r>2* 


<^)z> 


the  frequency  is  seen  to  be  the  sum  of  the  two  beam. frequencies  V  the  x  and  y  directions.  It  should, 
therefore,  be  possible  to  predict  the  frequencies  of  curved  shells  oy  including  the  increase  in  the 
stiffness  due  to  curvature,  in  a  similar  expression. 


Szechenyi  (9)  suggested  that  the  flexural  stiffness  of  integrally  stiffened  panels  can  be 
represented  by 
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where  it  was  assumed  that  the  cross  rigidity  Dxy  lies  somewhere: between  Dx  and  Dy  and  can  be 
approximated  by 

Dxy  »  (Dx  Dy)^.  (2) 


Using  the  same  approach,  the  expression  for  the  frequency  of  a  simply  supported  cylindrical  shell  or 
curved  panel  <*  '***  '  K  "  at  of  a  simply  supported  orthotropic  flat  plate  and  is  given  by 


:  *  1  /D  \ ^  r/OXv^  /rnvT\2  ,  /Htt \  2-i 

. ,  y  *  (~6*> } 


*  |  (1  *  SJ1JI  -  |  (ilgjp.)*)  (4) 

Ox/D  Is  the  ratio  of  the  curved  panel  stiffness  to  the  flat  panel  stiffness. 

The  accuracy  of  this  method  is  illustrated  in  Figure  (9),  in  which  the  frequencies  predicted  by 
Equation  (3)  are  compared  with  those  predicted  by  shell  theory  (7).  Reasonably  good  agreement  is 
■  obtained  in  the  region  where  the  bending  strain  energy  predominates  over  the  extensional  strain  energy. 

-r . In  general ,  this  method  is  not  as  accurate  in  predicting  the  resonant  frequencies  of  simply  supported 

curved  panels  as  the  approximate  method  suggested  by  Szechenyi  (9)  and  Armenakas  (10),  but  -it  does ' 
result  in  a  simple  expression  for  the  stresses  in  the  curved  panels  and  shells. 

The  equivalent  orthotropic  panel  surface  strain  displacement  relationships,  in  the  axial  and 
circumferential  directions,  are  given  by 


c  „ .  4  raiujl 

Using  the  normal  mode  approach,  and  assuming  a  predominant  single  mode  response,  a  simply 
supported  mode  shape  and  harmonic  motion,  the  maximum  panel  centre  stresses  are  given  by 
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where  Mfi,  the  generalized ,mass  and  Pn 
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the  generalized  force,  are  defined  by 
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On  substituting  Equations  (3)  and  (7)  into  (6), 
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Equation  it*  valid  for  both  forced  and  re  want  structural  response. 


APPLICATION  OF  THE  THEORY 
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In  using  the  above  theory  tc  dpflne  th®  stresses  in  the  engine  intake  ducts,  the  format  of 
Equation  (8)  is  retained  but  the  amplitude  constant,  k,  and  the  curved  oa.i®1  to  flat  panel  stiffness 
ratio,  d,  are  now  determined  empirically  from  strain  gauge  measurements.  In  addition,  the  following 
assumptions  must  be  made: 

(a)  The  total  displacement  of  the  intake  duct  structure,  is  the  sum  of  the  ring  displacement 
in  which  the  duct  skin  acts  essentially  as  an  added  mass,  and  the  duct  skin  displacement  relative  to 
the  adjacent  rings. 


(b)  The  average  'frozen'  circumferential  wavelength  in  the  duct  structure  is  equal  to  the 
distance  between  two  adjacent  blade  tips.  The  effective  circumferential  'panel'  length  bR  is, 
therefore,  equal  to  half  this  distance.  B 


(c)  The  small  angle  of  the  spiral  has  a  negligible  effect  on  the  'panel'  centre  stresses. 

Assumption  (b)  is  impo:  .ant  as  it  defines  the  magnitude  of  the  circumferential  strain  in  the 
duct  structure.  At  subsonic  blade  tip  speed  this  assumption  is  justified  by  the  nature  of  the  fan 
noise  as  described  in  Section  2  and  verified  by  the  measured  strain  data  in  Figure  (7).  At  super¬ 
sonic  blade  tip  speed,  even  with  relative  motion  between  the  individual  shocks,  the  average  number  of 
shocks  felt  by  the  structure  is  still  equal  to  the  number  of  blades.  The  magnitude  of  the  time 
averaged  circumferential  strain  is,  therefore,  determined  by  the  average  frozen  circumferential  wave 
length  which  is  equal  to  the  distance  between  two  adjacent  blade  tips. 

On  introducing  the  above  assumptions  into  the  theory,  the  axial  and  the  circumferential  'panel' 
centre  r.m.s.  stresses  are  defined  by 
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The  parameter  d  is  extracted  from  the  strain  gauge  data  using  the  following  relationship: 
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and  is  plotted  in  Figure  (10)  against  the  'panel*  aspect  ratio.  The  amplitude  constant  k  is 
thereafter  determined  from 


k  » 


Et 


V 


<  fhi£  I 

V'1  * 


(d* 


8 

rrr 


\2j2 


on 


and  is  plotted  in  Figure  (IT)  as  a  function  of  distance  from  the  fan  face.  The  amplitude  constant 
kR  for  the  rings  has  a  similar  variation  with  distance  from  the  fan  face  but  of  a  different  magnitude. 


6.  CORRELATION  OF  SIMPLE  THEORY  WITH  SHELL  THEORY 

The  shell  theory  in  Reference  (7)  gives  the  following  strain  displacement  relat^-ships. 
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The  corresponding  stress  strain  relationships  are 
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The  theoretically  predicted  variation  of  the  stiffness  parameter  d,  defined  by  Equation  #17) ,  with 
the  'panel'  aspect  ratio,  is  illustrated  in  figure  (10),  The  nodal  intern  Uks  5,  to  and  it,  used 
in  Equation  (17),  are  computed  fro*  the  shell  theory  in  Reference  (?) .  The  variation  of  the  stiffness 
parameter  d  far  the  fixed  fixed  shell  edge  condition,  Is  computed  fros  tho  ewpiricslly  detemmed 
equivalent  wave,  length  method  given  in  Reference  (8) .  On  casparing  the  seasoned  data  with  the 
p  redieted  variation,  a  cross  over  from  a  fixed  fixed  to  a  si*p.ly  supported  ed^«  condition  is 
observed,  for  a  'panel'  aspect  ratio  just  greater  than  unity.  This  emu  osor  \x>int  corresponds  to 
the  critical  ring  spacing,  of  an  internally  pressurised  ring  stiffened  she'1  (11),  beyond  which  the 
rings  cease  to  have  an  effect  on  each  other. 


1.  PREDICTED  CRITICAL  tWCT  STRESSES 

Generally  "soaking  the  sonic  fatigue  critical  stresses  occur  in  regions  of  high  stress 
concentration  sue:  as  along  rivet  lines  where  the  skin  is  attached  to  substructure.  Because  of  the 
problems  associated  with  instrumenting  tho  flew  side  of  the  duct,  all  strain  gauges  in  the  saeasureeent 
program  were  placed  on  the  exterior  surface  of  the  duct.  Biaxial  gauges  were  located  c«  the  skin  panels 
»iA*ay  between  adjacent  rings  and  single  gauges  were  located  in  he  circumferential  direction,  cn  both 
the  base  end  the  top  flanges  of  the  rings,  at  various  axial  and  circumferential  positions  along  the  duct. 
To  obtain  an  esti*>,e  of  the  skin  axial  stresses  at  the  ring  rivet  lines,  V-*  'panel*  edge  to  ’panel' 
centre  stress  rat ft  is  el  ained  fm*  Reference  (12),  for  a  flat  pane!  with  Uo  opposite  sides  sisply 
supported  and  the  remaining  two  sides  fixed.  This  ratio  is  slotted  in  Figure  (12)  as  a  function  of  panel 
aspect  ratio.  A  ratio  of  2  to  2.5  is  indicated  for  the  range  of  data  considered  tn  this  paper. 

A  typical  variation  in  the  duct  stresses  with  ring  spacing,  predicted  toy  the  sessl-eoeirica! 
theory  at  a  distance  of  a  half  fan  disaster  fro*  the  fan  face.  Is  illustrated  in  Figure  (13).  The  peak 
.  stresses  are  seen  to  occur  at  a  ring  spacing  doss  to  the  'panel'  width  b0. 

The  critical  axial  shell  stresses  at  the  ring  rivet  lines,  can  be  reduced  toy  the  addition  of 
doublers  to  the  duct  shell  below  the.  rings  (1).  Alternatively  all  the  circumferential  and  axial  stresses 
in  the  duct  structure,  con  toe  reduced  toy  (Mploying  a  ring  spacing  well  below  the’psnel’  width  to,.  The 
spectrun  level  of  the  fan  noise  at  the  blade  passage  frequency,  **y  exceed  the  buza-saw  spcctn*“l»vei  toy 
6  to  15  <*9,  for  engines  operating  at  high  sift  sank  and  for  clean  engines,  at  supersonic  blade  Up  speeds. 
Duct  shell  resonances  *ust,  therefore,  be  avoided  in  this  region.  This  requirement  generally  places  a 
lower  Halt  on  the  acceptable  ring  spacing. 
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8.  CORRELATION-  OF  PREDICTED  STRESSES  WITH  FAILURE  DATA 

During  the  development  program,  sonic  fatigue  failures  were  experienced  by  the  duct.  The  nature 
of  the  cracks,  which  occurred  in  the  skin  at  the  ring  rivet  lines,  indicated  the  axial  stresses  to  be 
the  critical  stresses.  The  magnitude  of  edge  stresses  at  the  failure  locations  were  predicted  as 
described  in  this  paper.  Times  to  failure  were  converted  to  cycles  of  stress  by  means  of  time  history 
plots  of  representative  duct  strains.  The  results  are  summarized  in  Figure  (14).  An  analysis  of  the 
duct  strain  data  shows  the  Instantaneous  strain  to  have  a  Gaussian  density  distribution.  Figure  (15). 
This  justifies  the  use  of  random  fatigue  data  in  the  design  criteria.  As  can  be  noted  in  Figure  (14), 
the  failure  stresses  predicted  by  the  semi-empirical  approach  shows  good  correlation  with  the  random 
fatigue  curve  from  Reference  (13). 
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SESSION  3  DISCUSSION  -  DESIGN  METHODS 


Hr,  Thomson  raised  the  question  of  do^’nition  of  fatigue  failure  but  no  one  was  able  to  propose 
a  generally  accepted  criterion.  This  point  w as  discussed  at  some  length  in  the  general  discussion 
period.  He  also  drew  attention  to  discrepancies  in  some  of  the  data  on  the  response  of  honeyconfc 
panels.  One  worker  had  reported  that  there  waa  a  difference  in  the  dynamic  stress  in  the  centre  of 
the  two  face  plates  which  could  be  as  great  as  2.5  to  1.  Other  workers  had  not  made  comf>''"isca». 
Members  having  test  programmes  running  in  the  near  future  agreed  to  check  this  point  and  report 
back  to  ESDD,  They  would  also  attempt  to  correlate  any  differences  with  differences  in  edge 
'close  cut'  design.  The  first  set  of  design  data  sheets  for  stiffened  panels  referred  to  panels 
having  stiffeners  which  were  stiff  in  bending.  Although  many  designers  do  not  use  stiffeners 
which  are  weak  in  banding  there  is  a  need  for  a  data  sheet  on  this  latter  type  of  construction. 
Providing  that  the  stress  concentrations  at  the  ends  of  the  lighter  stiffeners  are  adequately 
treated  this  type  of  design  can  be  very  efficient. 

Mr.  Soovere  pointed  cut  that  the  new  generation  of  high  bypass  ratio  engines  give  different 
stress  time  history  patterns  in  intake  stresses  from  those  found  in  the  intake  structure  of  low 
bypass  ratio  engines.  In  the  earlier  generation  of  engines  the  spectra  do  not  change  significantly 
during  flight,  but  in  the  new  high  bypass  ratio  engines  there  can  be  higher  levels  in  flight  than 
at  take  off  because  the  fan  has  a  higher  speed  in  flight.  The  pressure  loading  spectra  in  intake 
ducts  such  as  the  S  duct  of  the  Lockheed  Tristar  changes  with  al tittle.  This  is  thought  to  be  due 
to  a  change  in  the  mode  of  propagation  of  sound  in  the  duct. 
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SUMMARY 


j  ' 

i  • 
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The  degree  of  damping  present  in  a  structure  is  a 
very  important  parameter  in  determining  the  response  of  the 
structure  to  acoustic  excitation.  Unfortunately,  the 
prediction  of  the  damping  present  in  any  particular  structure 
is  not  generally  possible  from  theoretical  considerations. 
Nor,  on  the  other  hand,  is  there  very  much  experimental  data 
available  upon  which  to  base  an  assessment. 


During  the  last  few  years,  a  certain  amount  of  damping 
data  has  been  collected  for  a  variety  of  structural  specimens 
tesvsd  in  the  acoustic  facilities  of  the  British  Aircraft 
Corporation. 


This  paper  presents  the  collection  of  results  obtained, 
and  compares  them  for  the  different  categories  of  structures 
tested,  ' 


INTRDDUCTXON’ 


T.ne  inherent  structural  damping  is  a  very  important  factor  in  determining  the  response  of  a  structure 
to  acoustic  excitation.  Unfortunately,  the  magnitude  of  the  damping  cannot  be  reliably  predicted,  and 
there  is  a  dearth  of  relevant  experimental  data. 
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Over  the  last  six  years  cr  so,  a  number  of  structural  specimens  have  been  tested  in  the  acoustic 
facilities  of  the  British  Aircraft  Corporation.  From  many  oi  these  tests  it  has  been  possible  to  extract 
data  relating  to  the  degree  of  damping  present  and,  in  the  absence  of  better  information,  this  data  is 
presented  here. 


DAMPING  OF  STRUCTURES 


Damping  is  responsible  for  energy  dissipation  during  deformation  of  a  material.  This  energy 
dissipation  can  bo  achieved  in  several  ways.  There  can  bo  material  damping,  slip  or  friction  damping  at 
Joints,  or  damping  due  to  the  onvironmont. 


If  a  perfectly  elastic  material  is  deformed  by  the  application  of  an  external  force,  the  work  done 
by  the  force  during  the  deformation  is  stored  in  the  material.  When  the  external  force  is  removed,  this 
stored  energy  causes  the  materiel  to  oscillate  about  its  relaxed  position.  This  is  an  un-damped  system. 
In  a  perfectly  plastic  material  all  the  work  done  by  the  external  force  if  dissipated  and  no  energy  is 
stored  in  the  material.  Hence,  removal  of  the  external  force  leaves  the  material  in  its  deformed  state. 
This  is  a  completely  damped  system.  In  practice  materials  are  neither  perfectly  elastic  nor  perfectly 
plast.io,  but  display  i  th  of  these  properties  to  a  limited  extent.  The  ratio  of  the  plasticity  and 
elasticity  of  a  particular  material  is  used  to  describe  the  behaviour  of  the  material  and  is  called  the 
damping,  or  loss  factor  of  the  material. 


V  ■ 
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In  a  built-up  structure  the  damping  does  not  solely  consist  of  material  damping.  Damping  is  also 
iatroduced  by  the  interaction  of  the  material  with  its  environment.  In  this  category  are  such  things  as 
friction  damping  at  joint  and  edges  and  air  damping.  The  parameter  used  to  describe  the  damping  of  a 
system  is  the  damping  ratio.  Th-*,  r-ne  mi.-.-  ■  to  rtcc-tir. i  '..Tt  the  forts. 5  of  damping  present  in  a 
structure. 


I.t  we  consider,  for  simplicity,  a  single  degree  of  freedom,  damped  system  undergoing  vibration  duo 
to  a  sinusoidal  forcing  function,  we  have  an  equation  of  motion: 


mx  +  Cx  +  Kx  =  P(t) 


whore  C  s  the  viscous  damping  coefficient. 


This  ooeffioisat  will  take  a  value  dstonninod  by  the  properties  of  the  system  under  investigation 
and  the  restraint  placed  upon  the  system.  Wo  define  the  critical  value  of  damping  coofficisnt  a.  the 
minimum  value  of  coefficient  which  leads  to  a  non-oaoillutory  solution  io  the  oquation  above.  This  value 
will  be  2/mK.  Wo  then  define  damping  ratio  as  the  ratio  of  actual  damping  coefficient  to  the  oritioal 
damping  coefficient. 
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i.e.  Damping  ratio: 


t  =  C 

*  ijk- 


Since  the  circular  natural  frequency  of  such  a  system  is  defined  by  the  equation 

K  =k2n 
ra 

we  can  re °writs  the  value  of  critical  damping  as  crit  2  m^n. 

And  the  damping  ratio  can  similarly  be  written  as 

=  c 

2  bU„ 


%r~ 


So,  for  a  viscously  damped  systom,  where  tha  damping  coefficient  is  independent  of  frequency,  the 
dumping  ratio  is  inversely  proportional  to  frequency. 

For  a  system  in  which  hysteretic  damping  is  predominant,  i.e,  one  in  which  the  energy  dissipation 
is  mainly  achieved  through  material  deformation  and  slippage  at  the  joints,  an  equivalent  viscous  damping 
coefficient  can  be  defined  uat 

c,  _®S- 

where  oL  la  a  constant  independent  of  frequency. 

For  a  derivation  of  this  aquation  see  Ref.  2. 

The  equation  of  motion  of  an  hystcretically  damped  system  can  then  be  written  in  the  form. 

mx  +  x  +  Kx  =  F(t) 

vU> 

anl  such  a  systom  has  a  damping  ratio  defined  as  . 

5  ■*£ 


iSv 


Thus,  for  a  system  with  hysteresis  damping,  where  the  equivalent  damping  coefficient  is  inversely 
proportional  to  frequency,  the  damping  ratio  is  inversely  proportional  to  the  square  of  the  frequency. 

In  practical  structures  the  damping  will  not  be  wholly  viscous  but  a  summation  of  all  forms  of 
clamping.  The  equation  of  motion  will  similarly  bo  more  complex,  but  the  definition  of  damping  ratio 
remains  the  ratio  of  actual  to  critical  damping,  where  the  critical  damping  is  that  for  the  mode  of 
vibration  under  consideration.  The  exact  calculation  of  the  damping  ratio  of  a  structure  in  therefore 
impossible  for  several  reasons.  The  exact  mode  of  vibration  is  unlikely  to  bo  known.  The  effective  mass 
of  the  system,  its  spring  rate  in  any  direction,  th9  friction  at  its  joints  and  the  magnitudes  of  the 
damping  coefficients  are  also  generally  not  know  precisely. 

Damping  ratios  are  therefore  generally  obtained  empirically.  If  we  plot  strain  levol  in  the 
structure  against  frequency  we  get  "peaks"  at  resonant  frequencies.  Lot  f0  be  the  frequency  of  the 
resonance  i.o,  the  frequency  ot  the  point  of  highest  strain.  If  we  take  fj  and  f2  to  be  the  frequencies 
at  which  the  strain  has  fallen  to  0.707  (1/  ^2),  of  its  maximum  value,  then  we  can  obtain  an  approximation 
to  the  damping  ratio  by  using  the  formula 


whore  df 


t,  -  U 


Damping  ratios  can  also  bo  obtained  by  more  aocurate  methods,  such  as  the  vcictor  plotting  method 
of  Rof.  1, 


MW 


This  thus  takes  into  account  all  forms  of  damping,  e.g.  visco-elastic,  coulomb,  material,  and  all 
edge  effects  and  structural  restrictions.  Wo  thorefore,  arrive  at  an  overall  damping  ratio  for  a  structure 
or  n  part 'Of  it,  without  knowing  any  of  the  physical  properties  of  the  structure,  by  analysing  the 
response  in  this  manner, 

TEST  WORK 

Tile  spooimens  considered  here  are  listed  in  Tables  1(a)  to  l(o)  .  They  were  tested  under  conditions 
of  acoustical  excitation  in  "siren  channel"  facilities  of  which  the  channel  shown  in  FIG,  1  is  typical. 

The  spooimens  were  placed  against  the  open  side  of  the  channel,  mid  oxcited  by  travelling  sound  waves 
passing  down  the  channel.  Some  of  the  specimens  were  tested  using  discrete  frequency  excitation,  and  some 
using  broad  band.  On  some  specimens,  both  typos  of  oxoitation  were  used.  However,  most  of  the  data 
presented  here  has  boon  derived  from  discrete  frequency  tests. 

In  obtaining  the  damping  ratios  from  tiioso  results,  the  strain  gauge  recordings  wore  analysed  in  two 
ways.  The  majority  of  tho  results  given  have  been  derived  from  the  "half  power"  method  described  above, 
but  some  of  them  have  been  obtained  by  the  "vector  plotting"  method.  For  a  few  esses  hoth  methods  have 
been  used  and,  in  order  to  oheck  how  they  compare,  these  havo  been  plotted  in  FIG,  2.  Whilst  ther.> 
are  differences  between  tho  results  of  the  two  mothods  shown  in  this  limited  selection,  there  does  hot 
appear  to  bo  any  bias  towards  one  method  giving  consistently  higher  valuoo  than  the  other.  Within  the 
accvyihu?  vt  tho  two  methods,  thoy  uppear  to  give  comparable  results, 
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Rl1.' KITED  STRUCTURES  WI  m  VISCD-ELAST1C  SEALANT  (PLAIN  SKINS) 


SYMBOL 

SPECIMEN 

DETAILS  OF  CD!)  ST  RUCTION  AND  METHOD  USED  FOR  DAMPING  RATIOS 

X 

R.Ae.S.  Panola 

1,  5,  6H 

Simple  boxes  with  varying  rib  pitch  and  depth.  Material 

L72,  0.048"  thick.  Mushroom  and  countersunk  rivets. 

Thickol  sealant.  Damping  ratio's  obtained  from  plots  of 
strain  versus  frequency,  derived  from  discrete  frequency 
testing. 

O 

R.A.e.S.  Panels 

3  and  5 

As  above,  except  for  use  of  J.C.5  sealant. 

& 

Monel  &.  Light 
Alloy  Rivet 

Panola  1  &  2 

Simple  boxes  42"  long  10"  wide  and  0  '  deep.  Materials 

Skin  2mm.  thick  01001,  webs,  10SWG  L  72  100°  c/s 
rivets.  Viton  sealant,  Damping  ratio3  from  discrete 
frequency  plots. 

Rear  Fuselage 
Single  Curv- 
atire  Panel. 

Skin  material  CM001,  thickness  0.036".  Frames  at  20" 
pitch.  Si, In  attachment  with  mushroom  head  rivets.  Viton 
sealant.  Damping  ratios  from  vector  plots. 

V 

As  above  re-sklnned  with  0,064"  thick  skin. 

+ 

Tail  plane 

Torsion  Box 

R1  VETTED  STRUCTURES  WITH  VISCO-ELASTIC  SEALANT  (MACKHBD  SKINS) 


SYMBOL 

SPECIMEN 

DETAILS  OF  CONSTRUCTION  AND  METHOD  USED  FOR  WIMPINO  RATIOS 

o 

12  Bay  Fin  Box 

Machined  skin  panels  of  CM00I  0.03?"  thick  rivetted  to 

4  span  ami  3  ribs  enclosing  12  bays  with  stringers 
parallel  to  spars.  Countersunk  rivets.  Viton  sealant. 

Dumping  ration  from  discrete  frequency  plotB, 

9  Bay  Fin  Box 

Uppar  fin  box.  Skin  machined,  .0124  to  .074  thickness. 

Spars  and  ribs  rivetted  by  elrmts  and  booms,  Viton 

Sealant.  Dumping  from  response  vector  plots. 

A 

Double  Curva¬ 
ture  Hoar 

Fa  so I  ago 

Pimol 

i. .  ■  '  . .  . .  — 

Three  sections  of  machined  CM003-4  skin  and  stringers 
rivetted  together  and  to  six  representative  francs. 

Monel  rivets,  Viton  soul  ant.  Damping  from  discrete 
frequency  plots. 

R1 V KITED  STRUCTURES  WITH  CltKMl -ETCHED  SKINS 


SIM30L 

SPECIMEN 

DETAILS  OF  CONSTRUCTION  AND  METHOD  USED  TOR  DAMPING  RATIOS 

® 

Roar  fuselage 

Beale  skin,  .004"  thick,  CM001,  choral -etched  botweon 
frumon  and  strin,j\>ra  to  0,030".  Frames  at  20"  pitch.  82° 
c/u  rivets.  Viton  sealant,  Damping  ratios  from  response 
vector  plots 

m 

As  above  but  using  mushroom  bond  rivets. 

0 

As  above  but  with  intermediate  cl r  .tod  i runes  giving  10" 
frnrao  pitch. 

0k 

A«  above  but  with  Z  soction  stringers. 

w 

Rear  fu*  lago 
Double  curvature 

As  above  but  with  double  curvature  and  Incorporating  n 
longitudinal  and  a  circumferential  skin  Joint  and  two 
strlngor  run-outs. 

0 

As  above  but  with  cloatod  intermedia  to  frames  giving  SO" 
pitch, 

RI  VETTED  STRUCTURES  WITH  NO  SEALANT  (PLAIN  SKINS) 


SYMBOL 

SPECIMEN 

DETAILS  OF  CONSTRUCTION  AND  METHOD  USED  FOR  DAMPING  RATIOS 

• 

Monel  end  Light 
Alloy  Rivet* 

Penel  3, 

As  panels  1  and  2  but  with  no  sealant  in  Joints. 

mPED  STRUCTURE.  CHEMI -ETCHED  SKIN 


SYMBOL 

SPECIMEN 

DETAILS  OF  CONSTRUCTION  AND  METHOD  USED  FOR  DAMPING  FACTORS 

m 

Roar  fuselage 
Single  curvature 
Panel 

As  previous  specimen  but  skin  attachment  using  spot  welding 
instead  of  rivots. 

STRUCTURES  INCORPORATING  RIVETS  AND  WELDING 


SYMBOL 

SPECIMEN 

DETAILS  OF  CONSTRUCTION  INCDRPO  RATING  RIVETS  AND  WELDING 

> 

Intermedia  to 
Fuselage  Panel 

0.063"  thick,  CM001  skin.  16  ’T'  section  etringnra,  spot 
welded  to  skin.  Two  frames  rivBtt»d  to  skin.  Daeping 
ratios  f roc  response  vector  plots. 

HONEY  CO  MU  STRUCTURES 


SYMBOL 

SPECIMEN 

DETAILS  OF  CONSTRUCTION  AND  METHOD  USED  BOR  DAMPING  RATIOS 

4- 

Rudder  Wedge 

Wedge,  96"  long,  34"  high  and  9M  thick  at  root.  CS4001  choaS- 
etched  skin.  Interior  Material,  N1BA  400  C2Q34},  0.29"  honey- 
climb  with  0.002"  wall  thickness,  Adhesive  130.  Dumping  ratios 
from  strain  frequency  plot*. 

♦ 

ttuddor  Wedge 

Aa  sbovo  but  with  aiooaingdalo  P  ODD  adhesive  and  6»«2 

MGS  honeycoab. 

Working 
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.SUMMARY 

Thia  paper  consists  of  a  summary  of  two  programs  concerned  with  the  design  and  acoustic  testing 
of  composite  material  components.  Equations  are  presented  for  both  a  simplified  theory  and  e  more  general 
•theory  in  matrix  form,  for  predicting  natural  frequencies,  mode  shapes  and  stresses  in  unstiffened  and 
cross-stiffened  advanced  composite  panels  subjected  to  acoustic  loads,  Sonic  fatigue  test  results  on 
simple  8-ply  boron-epoxy  and  6-ply  cross-stiffened  graphite-epoxy  panels  are  described.  Th%  includes 
panel  damping  values,  fatigue  life,  stress  data  and  a  description,  where  appropriate,  of  panel  fatigue 
failures,  Also  a  series  of  72  beam  specimens  was  fatigue  tested  with  shaker  excitation  to  develop  S-N 
data  for  various  simulated  joint  configurations.  The  beams  consisted  of  a  graphite-epoxy  or  boron-epoxy 
material  bonded  or  riveted  to  a  graphite-epoxy  or  titanium  alloy  stiffener.  S-N  data  up  to  108  cycles 
were  obtained.  Frequencies  and  strains  predicted  by  the  analytical  procedures  are  compared  with  experi¬ 
mentally  measured  values. 


List  of  Symbols 

D  “  Flexural  rigidity,  ib  in 

H  »  Torsional  rigidity,  ib  in 

H(«0)  ■  Nondimen8ional  frequency  response  function 

K  *  Generalized  stiffness  in  fundamental  mode,  Ib/in 

L  “  Length  of  beam,  in 

«  Generalized  mass  in  the  it^1  mode,  lb  sec2/in 
M  "  Generalized  mass  in  the  fundaments..  mode,  lb  sec2/in 

Mq  »  Mass  per  unit  area  of  plate,  lb  sec2/in3 
N  ■  Life,  cycles 

S  ■  Strain,  in/in 

Sp  »  Spectral  density  of  pressure,  psi‘/Hz 

S  *  Spectral  density  of  deflection,  in2/Hz 

[Z]  »  Matrix  of  modal  impedances,  rad/sec. 2 

a  »  Edge  of  rectangular  plate  parallel  to  x-axis,  in 

b  <■  Edge  of  rectangular  plate  parallel  to  y-axis,  in 

e^.ey  »  Extensional  strain,  in/in 

h  *  irate  thickness,  in 

Po  »  Amplitude  of  pressure,  psi 

C  »  Time  (but  t  as  a  superscript  means  transpose),  sec 

w  *  Lateral  deflection,  in 

x,y,z  «  Orthogonal  rectilinear  coordinates,  in 

a  ■  Nondimensional  beam  function  parameter 

8  ■  Beam  function  parameter,  In  1 

Y  *  Beam  function  parameter,  in  1 

r  “  Participation  factor,  in2 

Yj  *  Nondimensional  viscous  damping  factor  in  i1*1  mode 

K  •  Nondimensional  viscous  damping  factor 

»1  ■  Generalized  deflection  coordinate,  in 


i 
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8  =  Nondimensional  beam  function  parameter 

t  =  Time,  sec 

p  -  Clomped-clamped  beam  function 

p  =  Ciaraped-clamped  beam  function 

ft  =  Circular  frequency,  rad/sec 

ftQ  ■»  Discrete  driving  circular  frequency,  rad/sec 


1.  INTRODUCTION 

A  gre'at  deal  of  effort  over  the  past  several  years  has  been  devoted  to  using  fiber  reinforced 
composite  materials  in  aircraft  design.  Many  materials  have  been  considered  but  those  presently  being 
emphasized  are  boron,  graphite  and  glass  fibers  with  epoxy  and  aluminum  matrices.  Many  of  the  material 
properties  required  to  design  structures  constructed  of  composite  materials  have  been  investigated  and  are 
available.  Design  techniques  as  well  aa  fabrication  and  manufacturing  methods  have  been  and  are  still 
being  studied.  Some  of  the  advantages  of  fiber  reinforced  composite  structures  are  the  high  strength-to- 
weight  and  stif fness-to-weight  ratios  and  the  tailorability  of  the  strength  properties.  Some  components, 
such  as  skin  panels,  substructural  parts  and  fairings  using  composites,  are  being  fabricated  for  present 
operational  aircraft  and  are  contemplated  for  use  in  future  aircraft.  A  number  of  these  components  are 
presently  being  flight  tested.  It,  therefore,  is  necessary  to  examine  these  materials  and  structural  con¬ 
figurations  for  their  characteristics  when  exposed  to  high  intensity  noise  as  some  of  these  components  may 
be  exposed  to  this  type  of  environment  during  their  service  life. 

Previous  comprehensive  sonic  fatigue  investigations  (see  for  example  Reference  3)  of  fiber  rein¬ 
forced  composite  structures  have  been  limited  to  glass  fiber  reinforced  panels.  There  are  also  sonic 
fatigue  test  results  on  boron  epoxy  and  graphite  epoxy  panels.  Since  a  complete  theoretical  solution  of 
the  structural  response  and  fatigue  life  problem  is  not  possible  at  high  sound  pressure  levels  due  to  the 
nonlinear  relation  between  pressure  and  strain,  a  combined  theoretical  and  experimental  program  (References 
1  and  2)  was  initiated.  The  theoretical  phase  of  the  program  developed  a  simple  theory  for  the  prediction 
of  dynamic  stresses  in  an  unatiffened  orthotropic  plate  subjected  to  a  spatially  uniform  white  noise  envi¬ 
ronment.  This  phase  of  the  work  also  included  the  use  of  a  finite  element  computer  program  for  the  pre¬ 
diction  of  cross-stiffened  panel  response  to  acoustic  excitation. 

The  initial  part  of  the  experimental  program  started  with  simple  basic  boron-epoxy  panels  to 
gain  experience  on  how  fiber  reinforced  composite  structures  reacted  when  loaded  with  high  Intensity  noise. 
The  panelf.  were  flat  with  fixed  edge  boundary  conditions  and  were  exposed  to  discrete  frequency  noise  at 
their  first  mode  resonant  frequency.  The  basic  purpoae  of  these  tests  was  to  gain  knowledge  on  such  para¬ 
meters  as  panel  mode  shapes,  panel  damping,  fatigue  life,  and  the  type  of  fatigue  failures. 

The  next  phase  was  to  advance  to  more  complicated  structures  such  as  multi-bay  panels  with  stiff¬ 
eners  and  joints,  more  practical  boundary  conditions,  and  broad-band  noise  excitation  to  simulate  a  more 
realistic  environment.  Therefore,  this  part  of  the  program  consisted  of  testing  three  nine-bay,  cross- 
stiffened,  graphite-epoxy  panels  with  six-ply  skins.  The  panels  were  tested  to  obtain  acoustic  response 
and  acoustic  fatigue  data. 

A  shaker  test  program  was  conducted  to  demonstrate  that  S-N  data  for  acoustic  fatigue  predictions 
could  be  obtained  by  shaker  specimen  testing.  In  the  shaker  test  program,  six  S-N  curves  were  developed 
for  two  joint  configurations,  either  bonded  or  riveted,  ar  :  for  three  material  combinations  with  six-ply 
skins. 


The  investigations  and  data  presented  in  this  paper  are  a  summary  of  two  programs  which  are 
described  in  detail  in  References  1  and  2.  The  program  described  in  Reference  1  was  conducted  under 
Contract  F33615-70-C-1463  by  the  Northrop  Corporation  for  the  Air  Force  Flight  Dynamics  Laboratory  (AFFDL) 
and  the  program  described  in  Reference  2  was  an  in-horse  exploratory  development  effort  conducted  by  the 
AFFDL. 

2.  SUMMARY  OF  THEORY  OF  ORTHOTROPIC  FANEL  RESPONSE  TO  ACOUSTIC  EXCITATION 

The  use  of  fiber  reinforced  composite  materials  for  structural  applications  requires  more  com¬ 
plex  analysis  methods  than  in  cases  where  metallic  skin  and  internal  structures  are  used.  This  is  due  to 
the  corresponding  analytical  complexities  associated  with  material  properties  and  variations  in  fiber 
orientation  through  the  laminate  thickness.  This  section  presents  only  a  summary  of  the  primary  equations 
developed  In  Reference  1  for  the  following:  (1)  a  simplified  theory  for  predicting  both  the  fundamental 
mode  of  an  orthotropic  plate  and  its  response  to  acoustic  excitation,  and  (2)  the  general  theory  for  pre¬ 
dicting  the  nature!  modes  and  response  of  an  orthotropic  plate  to  acoustic  excitation. 

Section  6  will  discuss  and  compare  results  found  by  using  these  equations  and  techniques  in 
determining  natural  frequencies,  mode  shapes,  and  stresses  for  simple  panels  and  cross-stiffened  panels 
constructed  of  (1)  an  aluminum  alloy  and  (2)  a  graphite-epoxy  composite. 

Simplified  Theory 

The  simplified  theory  can  be  used  in  the  design  of  individual  bays  of  cross-stiffened  orthotropic 
platos  in  cases  when  each  of  the  bays  responds  principally  in  its  fundamental  mode  as  though  it  were 
clamped  on  all  four  edges.  The  main  limitation  of  the  simplified  theory  is  that  the  stiffeners  around  the 
periphery  of  a  bay  are  assumed  to  be  rigid.  Therefore,  the  design  and  analysis  of  the  supporting  struc¬ 
ture  of  cross-stiffened  panels  cannot  be  Investigated  with  this  theory.  It  appears  that  in  raanv  cases 
when  the  critical  acoustic  fatigue  location  in  a  cross-stiffened  panel  is  in  the  skin  at  the  joint  with 
the  supporting  structure,  the  simplified  theory  can  be  applied  in  the  acoustic  design. 
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In  Reference  1,  the  lateral  deflection  of  the  advanced  composite  plate  with  a  coordinate  system 
as  given  in  Figure  1  is  assumed  unimodal  aid  is  expressed  in  terms  of  clamped-c lamped  beam  functions  for 
the  1-1  mode  as  follows: 


w(x,y,t>  «  <j>(8x)  ij)(yy)  n(t) 
with  4 (8x)  «  cosh  8x  -  cos  gx-a (sinh  gx-sin  gx) 
and  <>(Yy)  «  cosh  yy  -  cos  yy-8(sinh  yy  -  sin  yy) 

In  the  case  of  spatially  uniform,  time  harmonic  loading  the  pressure  is 

P(t)  -  p0  ***** 

and 'the  time  function  in  the  deflection  equation.  (1)  for  the  steady  state  case  with  no  damping  is 


n<t)  -  ¥- 


iV 


H 

where  u  1s  the  natural  circular  frequency. 

For  the  viscous  damped  case,  the  amplitude  of  the  steady  state  solution  is 

|n(t)|  -  — —  |H(fi0)| 


(1) 

(2) 

(3) 

(4) 

(5) 


b84a  +  2Ha88y(2-a8a)  (2-8yb)  +  Dyy  ay4b 

(6) 

sb  Mq 

(7) 

16a8 

8y 

(8) 

K_ 

(9) 

(10) 


with 


r  /  ft. 

\Z1  /ft  \2  1 

H(«0)  ■*  ' 

IH* 

■)J  ♦*  44  j 

(ID 


The  absolute  strains  in  the  upper  and  lower  plate  surfaces  in  unimodal  response  under  harmonic  excitation 
at  the  fundamental  frequency  are  also  found  in  Reference  1  as  follows 


and 


|e  |  .  lUnl 

0  ^1 

1*1  4  K  t 

dx2 

.  ,  h  Por 

|yf  4  K  t 

*  dP 

(12) 


(13) 


ifi„t 


To  determine  the  unimodal  rms  strain  response  to  spatially  uniform,  time  random  loading,  the  o„u 
replaced  by  p(t)  and  the  following  equations  from  Reference  1  result  for  deflection  and  strain. 


is 


w*  (x,y,ft)  «  $  i)i 


r  H  (0) 
K 


p*  (!)) 


(14) 


where  the  asterisk  denotes  the  Fourier  transform  of  the  deflection  and  loading  with 

-1 

i  /  o  \  *•  9-f  r  o  i 

H  (ft)  - 


'i-  (B\2  +«L JL£ 

U  J  w 


The  deflection  spectral  density  in  terms  of  the  loading  spectral  density  is 

H  r  h  (ii)  i 2 

K 


(15) 


(16) 
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and  the  mean  square  unimodal  response  is 
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For  constant  spectral  density  of  the  applied  pressure  (i.e.  white  noise) 


/ 


Sp  |  H  (8)|  2  dO  -TT* 


The  mean  square  strains  at  the  surface  with  white  noise  excitation  are 
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The  strain  calculations  at  the  center  of  an  edge  of  the  plate  have  been  calculated  in  Reference  1  and  imply 
that  the  strain  is  larger  at  the  center  of  the  long  edge  than  at  the  center  of  the  short  edge  as  ia  the 
case  for  isotropic  plates  of  uniform  thickness. 

General  Theory 

The  general  theory,  develops-:  in  Reference  1  and  summarized  below,  ia  suitable  for  programming 
for  digital  computer  calculations  using  the  finite  element  technique,  A  drawback  in  attempting  to  apply 
the  general  theory  is  that  the  number  of  finite  elements  and  node  points  may  be  prohibitive  in  a  single 
computer  run  computation  of  several  natural  frequencies,  mode  shapes,  and  stresses  at  critical  locations 
(of  complex  structures)  where  acoustic  fatigue  failures  seem  likely  to  occur.  Thus  major  problems  may  arise 
when  the  equations  of  the  general  theory  are  applied  in  detailed  stress  analyses  of  fiber  reinforced  com¬ 
posite  panel'  of  nonuniform  thickness  and  with  attachments  such  as  stringers,  ribs  and  frames. 

Natural  frequencies  and  mode  shapes  can  be  obtained  from  the  following  matrix  equation 
IK]  (q(1))  -  «i2[Mj  (qU))  (21) 


■  stiffness  matrix 

■  mass  matrix 
th 

«  the  i  mode  shape,  tho  eigenvector 
»  the  itl  natural  frequency 
The  modal  response  in  the  frequency  domain  to  a  modal  force  f(t)  !»  obtained  from  tho  following 


where 


(K1 

IK] 

(q(l)> 


(8  )  ■  r2(*»>J_1  IQ1*  <#f  ■(•*)}  (22) 

where 

(S£)  ■  Matrix  of  modal  amplitudes  in  the  frequency  domain 

Zj  -  (5j  -  m2*  2t  Yj  *  ?,) 

(Ql  -  t(q(t>}.  U(2)>  .  -  •  ] 

(S£(w)}“  Fourier  transform  of  f(t) 

The  cross-power  spectral  density  of  the  deflection  is 

<“)]  -  (0)  T2(«)J'1  tQ]t  Uf0a>]  IQ)  IQ]1  (23) 

where  ($,(«)]  is  a  complex  matrix  whose  elements  d,  (w)  may  be  expressed  as  the  Fourier  transform  of 
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the  cross-correlation  function  8^-  ^ 

«  i  j 

4>f  (»)  “  -  !  a,  f  (T)e_1“Tdx 
£U  £lfj 

The  stress-deflection,  oooent-deflection,  or  shear-deflection  io 
a  ■  ^Qj  (d) 

where  (_Bj  is  called  the  stress  matrix  when  o  is  a  stress. 
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The  power  spectral  density  of  a  stress,  moment,  or  shear  ia 
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The  mean  square  stress  is 
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where 

Ail  "  t',c  atatt  uuder  pressure  associated  with  joint  i  and 

[$  }  »  the  power  spectral  density  w-crix  of  the  applied  pressure. 

*  2 

It  is  also  shown  iti  Reference  i  that  <”  is  a  function  of  real  cot-wcnente  and  not  iisagioary  cpstpoaeatis  of 
elaaant*  of  the  spectral  density  aacrlx  t?(l.  Therefore 

.*  -  [a'j  (r*  x|  -  X)  Zh  5j 

t  j 

Hathod  of  Applying  the  General Theory 

By  properly  chc-osloR  boundary  conditions  of  a  quadrant  of  a  panel  array  chat  is  aywsctrlcal  about 
both  of  its  center  linns,  only  the  quadrant  itself  rather  ib«n  tho  full  pend  i*  needed  in  the  node!  analy¬ 
sis  of  the  sywaetrical  nodes.  Since  only  thoee  nodes  that  are  syeesetrical  shout  both  centerlines  of  the 
full  panel  are  edited  in  cany  test  and  service  conditions,  the  ’  analysis' of  only,  one  quadrant  of  a  panel 
array  is  adequate  In  many  practical  cases. 

The  daaping  factors  that  are  needed  as  input  for  the  response  calculation*  *ay  be  obtai«>cd  la 
teaonsne#  taots  under  discrete  frequency  excitation. 

Tne  pressure  cro*j-sp.  -ral  density  g(  Busy  be  obtained  fro*  the  analysis  of  teat  data  or  froo 

equation  24  after  seme  theoretical  cross-correlation  function  Rf ^  is  isocaed.  The  footer  approach  nay 

,  carried  out  by  asking  a  record  on  tape  of  pressure  signal*  at  location*  i  and  j  on  the  panel  and  than 
using  standard  data  analysis  equipment  to  obtain  tha  real  and  taaginary  parts  of  the  cross-spectral  density 
of  the  pressure. 

In  equation  (2?)  if  say  be  an  ro*  stress,  eonont,  or  shear.  Tha  mount  of  computation  in  the  use 
of  thin  equation  may  be  reduced  by  Ignoring  tsodal  coupling  and  computing  the  deflection,  aoaent,  end  shear 
reapoas*  of  one  coda  at  a  tlaa.  It  la  shown  it.  Reference  4  thst  the  nodal  coupling  «y  be  relatively 
uninportant. 
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3.  sonic  Fatigue  characteristics  o?  simple  boron-epoxy  composite  i  lates 

The  objective  of  the  acoustic  tests  of  the  flat  boron-epoxy  composite  panels  was  to  determine 
panel  mode  shapes,  panel  damping,  fatigue  itte  and  the  type  of  failure  wnen  exposed  to  acoustic  excitation. 

Description  of  Flat  Panel  Specimens 

The  dimensions  of  these  plates  were  nominally  12  X  14  inches  and  0.040  inches  thick.  They  were 
manufactured  by  laminating  together  %  plies  of  orthotropic  boron-epoxy  material  in  a  0°  -  90°  layup  symme¬ 
trical  about  the  mid-plane.  The  outer  plys  had  a  fiber  orientation  of  0°.  The  matrix  material  was  Narmco 
5505  and  the  boron  content  was  50Z  by  volume. 

Test  Procedure 

These  panels  were  subjected  to  a  sonic  fatigue  test  in  a  progressive  wave  acoustic  test  chamber. 

A  total  of  twelve  panels  was  tested  one  at  a  time  under  periodic  excitation  with  a  SPL  range  of  158  dB  to 
164  dB.  The  panels  were  mounted  In  a  picture  frame  arrangement  and  were  tested  with  ell  edges  clamped. 

This  mounting  is  shown  in  detail  in  Figure  2.  Because  of  the  mount,  the  effective  panel  size  was  reduced 
to  9  X  11  inches.  All  teats  were  conducted  with  this  arrangement  except  the  penel  damping  tests.  Mode 
shapes  and  natural  frequencies  of  these  panels  were  obtained  by  using  loudspeaker  excitation  and  measuring 
acceleration  amplitude  and  phase  angle  between  a  fixed  and  roving  accelerometer.  Mode  shapes  were  also 
obtained  by  using  a  laser  beam  interferometric  technique.  Reference  2  provides  details  of  both  methods. 
Panel  damping  values  were  obtained  by  exciting  the  panels  in  the  free-free  mode  using  the  logarithmic  dec¬ 
rement  method.  Before  and  during  the  initial  part  of  the  high  SPL  tests  to  measure  panel  fatigue  life, 
panel  strain  values  were  measured.  After  the  strain  gages  failed,  usually  during  the  early  part  of  the 
teat,  panel  amplitude  and  frequency  were  monitored  using  a  non-contacting  disr 'acement  probe.  Visual 
inspections  of  the  panels  ware  made  frequently  to  determine  if  fatigue  failures  had  resulted.  Failures 
were  defined  as  cracks  or  ply  delaminattons. 

Test  Results 

The  results  of  the  panel  mode  shape  and  resonant  frequency  studies  are  presented  in  Figure  3  for 
a  typ'"  panel. 

With  the  panel  suspended  from  elastic  cord  to  simulate  a  free-freo  condition,  panel  damping  fac¬ 
to?#  ranged  from  about  0,004  at  65  its  to  Q, 003  at  400  Hr.  These  values  were  measured  at  low  SPL's  ranging 
frtss  123  to  138  dS,  With  th«>  7»nel  mounted  in  the  picture  frame  arrangement  in  the  side  wall  of  the  pro¬ 
gressive  wave  test  section,  a  panel  damping  factor  of  0.028  was  measured  at  a  SPL  of  125  dB  and  a  resonant 
frcviuaacy  of  127  He, 

Strain  ssaasurensnee  were  recorded  prior  to  endurance  testing  at  4  dB  increments  starting  at  130 
d8.  ?*ak  strain  values  ate  given  in  Table  t  for  frequencies  of  maximum  response  for  strain  gage  locations 
Nr  I  through  4  shewn  in  Figure  5.  •  U  i,s  also  shown  in  Table  l  that  the  peak  frequency  response  of  these 
panels  rang*!  from  130  Ms  at  *  SPL  of  130  dB  to  270  Us  at  a  SPL  of  162  <18, 

Figure  4  . shows  a  typical  sound  input  spectrum  for  the  162  dS  run  and  Figure  5  a  typical  acre  in 
gage  rasponss  apsetrua  tor  gage  Ki  1  at  an  input  SPL  of  162  dB. 

Endurance  testing  results  for  the  boron-epoxy  composite  panels  are  given  in  Figure  6,  '  Also  pre- 
anote4  in  this  figure' are  calculated  endurance  results  based  upon  strain  response  measurements  for  alusti- 
russ  alloy  (3024-Y1)  panels  for  a  K.  value  of  two.  These  panels  were.  O.QSO  inches  thick  and  were  tested 
node?  the  saws  conditions  as.  the  fiber  reinforced  composite  paneli.  These  results  are  presented  for  com¬ 
parison  purposes. 

Aa  attempt  wos  TSSde  during  these  teats  to  determine  panel  crack  or  failure  propagation  rates. 

This  «*s  Acccapiliiied  by  using  a  sequence  cssvra  atid  photographing  the  failure  at  selected  time  intervale 
its  it.  u tart ad  ,j -.d  propagated.  Complete  results  of  these  tests  are  given  in  Reference  2. 

Discussion  of  Test  Result# 

The  variation  in  panel  damping  was  due  to  the  manner  in  which  the  panel  wag  mounted  during  the 
damping  «ea*utea*nt  process,  to  the  case  where  the  penal  was  mounted  in  the  free-free  condition  the  damp¬ 
ing  factors  «*?«  loss  than  one-half  of  on*  percent  of  critical  arid  only  structural  damping  was  being  ««*«- 
ursd.  In  the  case  where  the  panel  was  mounted  in  the  picture  frame  the  damping' factor  was  about  3  percent 
of  critical.  This  Increase  vs*  attributed  to  friction  in  the  joint  between  the  panel  and  mounting  frame 
and  possibly  to  the  difference  in  the  panel  mode  shape*. 

the  shift  In  resonant  frequency  (Table  I)  at  peak  response  »»  a  function  of  SPL  was  due  to  tha 
oon-iinsat  response  of  the  panel*.  This  tea*  verified  by  the  amplitude  "Jump'1  phenomenon  observed  during 
PC* list! nary  sweep  frequency  runs  to  determine  the  frequency  of  peak  response  used  for  the  endurance  testing. 

..Figure  6  shows  the  endurance  life  of  the  8  ply  boron-epoxy  panels  to  be  greater  chan  10s  cycles 
at  a  SPL  Of  158  d8.  This  corresponded  to  a  measured  psak  strain  value  of  t  2150  n  in/ In  at  gaga  position 
St  1.  In  comparison  th*  aluminum  panel  which  vs*  23  percent  thicker,  had  a  peak  strain  at  gage  position 
Hr  l  of  i  1330  u  in/ in,  Thi*  corresponded  to  a  life  of  approximately  6  i  U>3  cycles  for  2024-T3  aluminum 
■with  a  v«lu*  of  2. 

Th*  visible  point  of  Incipient  failure  in  the  boron  composite  panda  typically  appeared  #*  a 
crack  in  tha  outer  ply  imasdlattay  adjacent  and  parallel  to  tbs  clamped  boundary,  Generally,  the  failure 
.  won 3 d  progress  through  th#:  remaining  plys  and,  if  undetected,  often  result  In  the  co.splot*  disintegration 
of  a  small  concentrated  area  near  th*  boundary.  This  was  sooettoeg  accompanied  by  severe  deloslnation  of 
th*  outer  ply.  A  typical  boron  composite  panel  failure  is  shown  in  Figut*  7. 
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4.  BEAM  SPECIMEN  SHAKER  TESTS 

There  were  two  principal  objectives  of  the  shaker  tests.  First,  to  obtain  experimental  S-N  data 
for  different  joint  configurations  and  material  systems  to  determine  the  relative  advantages  of  the  various 
types  of  specimens.  Second,  to  demonstrate  that  experimental  S-N  data  could  be  obtained  and  applied  in  the 
design  of  joints  of  fiber  reinforced  composite  panels  in  acoustic  environments  without  resorting  to  acous¬ 
tic  tests.  The  use  of  shaker  teats  was  employed  to  obtain  S-N  data  for  the  joint  assemblies  because  shaker 
test  programs  are  less  costly  for  a  fixed  number  of  test  specimens  and  can  provide  stress  or  strain  versus 
life  data  for  a  joint  assembly  that  are  applicable  to  joints  in  panels  under  acoustic  loading. 

Description  of  Beam  Specimens 

In  order  to  conduct  shaker  tests  to  obtain  acoustic  design  information,  it  was  necessary  to 
establish  carefully  the  specimen  design  and  test  procedure  for  shaker  excitation.  The  designs  of  the 
acoustic  test  specimens  (cross-stiffened  panels)  and  the  shat  r  test  specimens  were  based  -n  obtaining 
experimentally  the  same  key  parameters  (including  modes  of  failure)  in  the  acoustic  specimens  as  in  the 
shaker  specimens.  By  following  this  procedure,  considerable  acoustic  design  information  can  be  obtained 
by  conducting  shaker  tests  to  supplement  the  data  generated  in  the  acoustic  tests. 

The  shaker  test  specimen  design  was  based  on  the  location  of  the  first  acoustic  fatigue  failure 
of  the  joint  assembly  of  the  cross-stiffened  acoustic  test  panel  described  in  Section  5.  A  detailed  stress 
analysis  was  conducted  on  two  cases:  (1)  a  beam  of  unit  width  with  geometrical  and  elastic  properties  of  a 
section  taken  between  the  T-sections  and  (2)  a  beam  of  unit  width  with  geometrical  and  elastic  properties 
of  a  section  taken  between  the  I-beams  of  the  nominal  10  X  ?  inch  central  bay  of  the  acoustic  test  panel. 

The  analysis  was  performed  by  considering  the  beam  clamped  at  both  ends  and  1 oaded  by  a  uniform  unit  static 
pressure.  Based  upon  the  results  of  this  analysis  which  is  detailed  in  Reference  1,  it  was  determined  that 
the  initial  acoustic  fatigue  failures  in  the  test  panel  should  be  expected  near  the  T-section  stiffeners 
rather  than  near  the  I-beam  stiffeners.  Therefore  the  design  considering  th'  ’’’-section  details  was  chosen 
as  the  shaker  test  specimen  design.  Specimen  details  are  given  in  Figure  8. 

In  the  shaker  test  program,  an  adhesive-bonded  joint  was  used  for  one  joint  configuration  and  a 
riveted  joint  for  the  other.  These  two  configurations  are  typical  of  configurations  projected  for  use  in 
aircraft  applications.  In  addition,  the  following  material  combinations  were  used:  (1)  graphite-epoxy  skin 
to  graphite-epoxy  stiffeners,  (2)  graphite-epoxy  skin  to  titanium  alloy  stiffeners,  and  (3)  boron-epoxy 
skin  to  titanium  alloy  stiffeners.  The  stiffeners  refer  to  shaker  specimen  components  that  simulate  either 
ribs,  spars,  or  stringers.  The  Fothergill/Harvey  Courtaulds  HT-S/4617  graphite-epoxy  system  and  the  Narmco 
5505  boron-epoxy  system  were  selected  as  the  composite  materials  for  the  test  program.  FM-123-2  adhesive 
was  chosen  for  bonding  the  fiber  reinforced  composite  skins  to  the  internal  structure  in  Joint  assemblies 
of  the  shaker  specimens.  FM-123-2  was  choson  because  of  its  low  modulus  and  relatively  low  curing  tempera¬ 
ture  (250°). 

Teat  Procedures 

The  shaker  specimens  were  fatigue  tested  either  individually  or  three  at  a  time  by  clamping  the 
web  section  of  the  simulated  stiffener  to  a  test  fixturo  mounted  on  top  of  a  shaker.  See  Figure  3  for  the 

details  of  this  arrangement.  The  ends  of  the  bonm  were  tree  and  the  tests  wore  conducted  by  exciting  the 

second  symmetrical  banding  mode  with  the  response  frequency  being  about  200  Hr..  The  shaker  tests  were  con¬ 
ducted  under  narrow-band  random  excitation  with  a  20  H*  bandwidth  signal.  See  Figure  10  for  a  typical 
base  acceleration  input. 

Throe  typos  of  transducers  voro  uaud  to  monitor  the  specimen  response,  accelerometers,  strain 
gages,  and  a  capacitive  displacement  probe.  The  primary  measurement  i>e»  thr  strain  response  of  tho  speci¬ 
men.  Input  vibration  levels  were  set  and  controlled  to  produce  predetermined  strain  levels.  The  other 
transducers  were  used  to  maintain  this  strain  response  after  the  failure  of  eht  strain  gages. 

For  a  S-N  curve  of  a  joint  assembly  to  have  moaning,  it  is  necessary  to  define  S.  In  simple 
coupon  fatigue  tests  of  hooiogeneo-s  materials,  S  is  usually  defined  as  the  applied  stress.  However,  for 
tho  joint  assemblies  of  panels  and  beams  such  ns  were  tested  in  tills  program  under  acoustic  or  shaker  exci¬ 
tation,  S  Is  more,  difficult  to  define.  Fey  example,  if  failures  occur  in  the  skin,  S  should  he  related  in 
some  manner  to  the  stress  or  strain  In  the  skini  if  failures  occur  in  the  adhesive,  S  should  be  related  in 

soma  manner  to  tho  stress  or  strain  In  the  adhesive.  The  generalisation  of  this  concept  is  that  S  should 

be  related  to  tho  Stress  or  strain  in  the  t,  riguod  cor-uinont  of  the  joint  assembly.  The  experimental 
fatigue  failures  in  Uie  shaker  test  program  ore  Instrumental  in  defining  S  as  the  strain  in  the  outer 
surface  layer  of  the  skin  (where  fatigue  failures  occurred)  of  the  joint  assembly.  The  reference  strain 
van  measured  at  the  loc-.'tlon  shown  in  Figure  11,  A  typical  spectral  shape  of  tho  tms  strain  response  at 
the  reference  location  is  shown  in  Figure  12  for  «  base  acceleration  of  IGg's. 

Fatigue  Failures 

The  fatigue  failures  of  all  shaker  poclmens  initiated  in  the  skin.  For  the  bonded  specimens, 
the  failure  location  was  at  tho  ends  of  the  bonded  Joint  connecting  tn.>  skin  to  the  T-scctloos.  For  the 
riveted  .peel toons,  the  failure  location  was  at  tho  end  ol  the  b  >ndcd  attachment  connecting  the  akin  to  the 
backup  detail  that  ha'  l.  >n  bonded  to  tho  akin  prior  to  the  riveting, 

°ri»r  to  tho  start  of  tests,  it  was  decided  that  a  test  would  In-  terminated  »t  10*  cycles  if  no 
failure  occurred,  if  a  drop  of  10  percent  In  the  response  frequency  front  its  value  at  the  beginning  of  the 
fatigue  tost  occurred,  or  if  a  failure  wan  observed,  An  observed  fa’Iure  van  defined  as  a  visible  crack 
(without  the  us.s  of  n  microscope)  of  approximately  0.01  Inch.  During  the  teats,  when  a  crack  was  approxi¬ 
mately  0,01  inch  long,  it  would  often  propagate  rapidly  with  ■  simultaneous  sharp  drop  in  the  response 
frequency. 


5H!!SS5!» 


as1,  ss 


TTT 


13-8 


Discussion  of  Shaker  S-N  Data 

The  S-N  data  obtained  in  the  shaker  tests  are  presented  in  Figure  13.  The  number  of  test  cyclea 
to  failure  was  computed  by  summing  the  products  of  the  specimen  natural  frequency  and  the  duration  that 
the  response  remained  at  that  frequency.  Frequency  changes  were  noted  during  the  tests  and  the  total  num¬ 
ber  of  cycles  to  failure  calculated. 

An  objective  of  the  shaker  test  program  was  to  obtain  S-N  curves  with  sets  of  six-ply  specimens 
that  simulated  a  portion  of  the  bonded  joints  used  in  the  acoustic  test  program.  The  S-N  curves  of  Figure 
13  are  useful  because  they  indicate  life  that  can  be  expected  from  a  larger  population  of  different  types 
of  test  specimens.  Because  of  the  few  specimens  in  each  set,  the  confidence  levels  associated  with  life 
predictions  based  on  the  S-N  shaker  specimen  test  results  are  significantly  lower  than  the  confidence 
levels  associated  with  material  allowables  for  the  design  of  metallic  aircraft  structural  elements.  How¬ 
ever,  it  does  appear  that  the  rms  fatigue  strain  at  10s  cycles  under  the  narrow  band  random  loading  of  the 
six-ply  (90/±45)s  graphite-epoxy  and  boron-epoxy  laminates  is  at  least  ten  percent  of  the  static,  ultimate 
tensile  strain  of  the  six-ply  laminates. 

The  test  results  show  that  the  riveted  fiber  reinforced  composite  specimens  had  longer  lives 
than  non-riveted  specimens.  The  longer  life  of  the  riveted  specimens  has  been  attributed  to  less  stress 
concentration  at  the  edges  (of  the  bonded  area)  where  the  fatigue  failures  initiated  in  the  skins  of  the 
shaker  specimens.  Less  stress  concentration  at  the  edges  of  the  bonded  areas  is  expected  when  the  load 
transfer  is  from  the  stiffeners  through  the  three  rivets  into  the  backup  plates  and  into  the  graphite- 
epoxy  or  boron-epoxy  skins.  The  backup  plates  which  were  bonded  to  the  skin  are  desirable  when  using 
countersunk  rivets  in  thin  skins. 

Based  on  the  test  data,  in  general,  tl,  vibration  specimens  with  graphite-epoxy  skins  have  longer 
life  when  the  stiffeners  are  titanium  alloy  rather  than  graphite-epoxy.  The  differences  in  life  at  a 
given  strain  have  been  attributed  to  the  graphite-epoxy  stiffener  being  more  flexible  than  the  titanium 
alloy  stiffener.  Hence,  the  strain  across  the  specimen  width  (in  the  vicinity  of  a  fatigue  failure)  is 
less  uniform  and  consequently  results  in  a  higher  stress  concentration  (and  shorter  life)  at  the  edge  of 
the  width  of  the  bonded  areas  (where  all  fatigue  failure  initiated)  of  the  specimens  with  graphite-epoxy 
stiffeners.  The  preceding  implies  chat  the  specimen  life  is  dependent  on  the  stress  concentration  at  the 
edges  of  the  width  of  the  bonded  areas  (where  fatigue  failures  have  initiated)  of  the  vibration  specimens. 
The  use  of  the  titanium  alloy  stiffeners  and  the  use  of  rivets  with  titanium  alloy  back-up  plates  bonded 
to  the  skin  apparently  reduced  the  stress  concentration  and  led  to  longer  lives. 

5.  SONIC  FATIGUE  TESTS  ON  CROSS-STIFFENED  PANELS  WITH  JOINTS 

The  basic  objective  of  the  acoustic  test  of  the  rross-st if Cened  graphite-epoxy  composite  panels 
was  to  obtain  dynamic  and  sonic  fatigue  characteristics  of  tho  joint  assemblies. 

Description  of  Cross-stiffened  Panel  Specimens 

Three  acoustic  test  panels  wore  assembled  with  h  ply  (0/» 4S)g  graphite-epoxy  skin  and  *  ply 
(*45/Q)g  graphite  epoxy  I-beams  and  i-seettons.  So  the  assembled  panels,  the  I-beams  simulated  the  ribs 
and  the  T-sectlons  simulated  stringers.  The  graphite-epoxv  system  used  was  the  same  as  described  for  the 
beam  specimens.  Each  acoustic  teat  panel  was  roas-sttf fened  and  contained  nine  rectangular  bay#  in  a 
throe  by  th:  e  array.  Sea  Figure  14,  uhieh  is  a  schematic  of  the.  panel,  the  central  papal,  bay  and  the 

skin  and  Joint  assemblies  enclosing  the  bay  were  considered  as  being  within  the  "test  section"  part  of  the 

panel . 

Test  Procedure 

The  acoustic  panels  were  subjected  is»  a  sonic  fatigue  test  In  a  progressive  wave  scouRtlc  test 
chamber.  The>  v«i,  tested  singly  to  a  broad -band  excitation  with  an  overall  SPt.  of  166  d».  Fur  the  reso¬ 
nant  frequency  and  modal  surveys,  tho  panel*  war*  excited  by  luudsp  ikot  excitation  and  the  resonant  fre¬ 

quencies  were  determined  by  accelerometer*  and  the  mode  shapes  by  using  : he  Chladnt  patten,  technique. 
Damping  factors  were  t.jtainod  by  using  .he  logarithmic  decrescent  method,  utilising  the  oscillograph  decay 
record  taken  from  the  aecoLc roaster  signal*  during  the  nodal  survey.  Experimental  strain  versus  acoustic 
pressure  data  were  also  recorded  starting  at  136  dB  with  3  dft  increment*  to  defeialoe  4f  nonlinear  effects 
wore  pr s»«nt.  Visual  inspections  wt-rv  used  to  Select  acoustic  fatigue  failures,  which  were  defined  as  the 
first  observation  of  a  fatigue  crack  or  dela&inaticn.  in  addition,  visual  inspection#  wore  made  vbeo  unex¬ 
pected  strain  or  pressure  fluctuations  occurred.  Strain  gages  were  mounted  on  the  panel  and  their  locations 
are  shown  in  Figure  14, 

Test  Result* 

Representative  detailed  results  i roe.  the  acoustic  ten  are  described  )n  the  following.  Panel 
resonances  and  their  associated  Bode  shape*  are  given  in  Figure  IS  for  Panel  Nr  3. 

Hasping  factors  associated  with  the  decay  of  panel  resonance#  obtained  bv  using  the  logarithmic 
decrement  method  arc  given  in  Table  ,  »I  for  Panel*  Sr  1,  2,  and  3. 


Strain  reading*  taken  at  1  da  Increments  are  given  in  Table  111  for  a  selected  number  of  gage* 
on  tho  skin  for  Panel  Nr  2.  Also  the  spectral  densftv  o;  the  acoustic  pressure  Is  given  in  Figure  16  for 
an  overall  SPt  of  139  dB,  and  the  strain  spectral  density  Jot  gage  Mr  2  at  an  overall  SPL  of  1)9  ds  and 
166  dB  respectively  in  Figures  17  and  18. 

The  acoustic  fatigue  tost  on  the  three  panel*  was  conducted  at  An  overall  SP1.  of  566  dB.  The 
first  panel  experienced  a  preaaturo  failure  that  was  atttibuiod  to  a  design  and  manufacturing  deficiency 
that  was  corrected  for  tho  next  two  panels.  The  second  and  third  panels  each  survived  100  hour*  of  expo¬ 
sure  to  the  broad-band  high  intensity  noise  environment . 
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Acoustic  Test  Conclusions 

The  tests  demonstrated  that  high  quality,  graphite-epoxy  panels  with  thin  6-ply  skins  can  be 
exposed  to  a  high  intensity  broad-band  acoustic  environment  for  at  least  10®  cycles  without  experiencing 
acoustic  fatigue  failures  in  the  skin  and/or  in  the  joints.  The  strain  and  life  data  obtained  in  the 
acoustic  tests  of  the  last  two  panels  showed  rather  close  agreement.  The  nominal  bay  dimensions  chosen 
for  the  panels  were  typical  of  dimensions  in  thin-skinned  metallic,  aircraft  structures.  The  strains 
developed  in  the  acoustic  teats  were  too  low  to  produce  acoustic  fatigue  failures  and  therefore  it  was  not 
possible  to  compare  directly  the  lives  of  the  vibration  specimens  in  the  program  with  the  acoustic  panels. 
However,  by  fabricating  acoustic  panels  with  larger  bays  it  should  be  possible  in  acoustic  tests  to  obtain 
cross-stiffened  panel  failures  under  multimodal  strain  response  at  some  average  frequency,  that  can  be 
compared  directly  with  vibration  specimen  failures  under  unimodal  strain  response.  Such  tests  would  pro¬ 
duce  more  data  to  assess  the  usefulness  of  the  procedure  described  below  for  predicting  acouttic  fatigue 
life  based  on  the  average  response  frequency  and  the  overall  rms  response  strain. 

The  absence  of  an  acoustic  fatigue  failure  In  these  panels  was  predicted  based  upon  a  three-step 
procedure.  First,  experimental  overall  ros  strains  in  the  panel  skin  were  obtained  at  acoustic  fatigue- 
critieal  locations  at  the  reference  SPL  which  in  this  case  was  166  d&.  Second,  the  number  of  cycles  of 
acoustic  response  was  calculated  as  the  product  of  an  average  frequency  of  response  times  the  time  duration 
of  acoustic  exposure  at  166  dB.  Third,  the  combination  of  rms  strain  from  Step  1  and  cycles  of  response 
from  Step  2  was  compared  with  the  experimental  S-N  data  (Figure  13)  that  were  obtained  in  the  shaker  testa 
of  specimens  with  graphite-epoxy  skins  and  stiffeners. 

6.  APPLICATION  OF  ANALYSIS  METHODS 

The  objective  of  thr  analytical  effort  was  to  develop  a  procedure  to  predict  the  natural  frequen¬ 
cies,  mode  shapes,  and  stress-strain  response  of  flat  cross-stiffened,  fiber  reinforced  composite  panels 
subjected  to  random  acouatic  excitation.  Equations  for  these  predictions  were  presented  in  Section  2. 

Since  there  are  only  limited  -xperieenta!  data  available  to  assess  adequately  the  validity  of  these  equa¬ 
tions  as  applied  to  cross-sti.'fened  fiber  vainforced  composite  panels,  the  approach  taken  .in  this  program 
was  to  Investigate  analytically  several  problems  that  could  be  solved  for  both  isotropic  panels  and  fiber 
reinforced  composite  panels.  The  isotropic  panels  wore  considered  first.  Then,  with  these  results  to 
serve  as  a  guide,  the  inseatigatldn  was  extended  to  include  the  vibration  characteristics  and  dynamic 
response  of  composite  panels  to  random  acoustic  excitation. 


The  Northrop  Corporation  tad  available  at  the  beginning  of  this  effort  a  digital  computer  program 
referred  to  as  RSDYN  that  was  capable  of  performing  the  calculations  required  by  the  gensral  theory  Other 
digital  computer  programs  Serving  a  similar  capability  are  available  and  can  be  used  in  the  same  manner 
that  RStJYN  waa  used.  It  U  the  intent  of  the  following  to  prt sent  only  a  -uaaarv  of  the  results  of  the 
various  computational  procedure*,  and  the  method,  of  utUUi*,  SKDVS  for  perfuming  those  calculations  can 
iouad  in  l . 

AppXicHtWn  PUfc«* 


The  theory  was  first  appHrd  to  a  square  ?l  X  21  X  0.10  inch  fiat,  wttttmned,  alsstftw*  alls?* 
JllW  CiBped  on  alt  four  edges.  .  Natural  frequencies,  soda  shape#,  deflections.,  5nd  strains  were 
by  different  wothode.  The  t«suH#  of  the  veuisu,  calculations  are  given  in  Table  SV.  The  deflections  amd 
strain,  are  based  on  fully  c?mlat«l  white  no  1m  and  coeluted  for  iho  eenter  of  a  piat-S 

The  e.osest  agreement  to  tbs  fur.dssantal  frequency  abteijsad  with  bees  fuse! lea#  (i.e.  the  *l»- 

thwrr'  vtlh  iU  "^ngiiUr  finite  eJessenis  **»  Upturn  that  the  tectsoguUt 'option  of 

REDYh  is  preferable,  to  tt,.  triangular  option. 

was  rod, .raft!  H  *****  ***  ?  !**?*  Vith  a«d  when  the  distance  between  cedes 

a*  reduced  by  SO  percent,  the  tuntfMwnUl  frequency  was  5oct>***ed  approximates v  th-«e  -ertSnc  -  i  c  «>-c 
raquency  was  Imwm*  fro*  >2.7  Hr  to  ?7.f  hi  (see  T.W»  W.  5* Vita? S  £  *tllt IC  ihi  cW  - 

nlst!L?ir,'ry  Tf  USiRe  ?*  £**  *  «**  for  •*«««•»»»  pu-blen.  a* three  £ 

In  natural  frequency  occurred-  Therefore,  funimneatai  frequent***  sbialned  with  «s§w  where  esc-ntioas  of 

try  *ra  end  a  full  plate  analysis  Ss  revolted,  ate  esar [dared  saiiefacio-.y, 

*1  tta  cMter4oJ  tta  Jw  **  «•  *•  ™>Se  *  »«  to  uhit7 

Tta  finite  elegant  approach  and  the  boa*  fuse  lien  approach  are  fc*th  approxitcate  analytical  Mttadt 
Convergence  of  the  lowest  frequency  and  «*.l  stag*  has  .not  hero  shown  her  sure  %  UmUati^  m  the  Toi 
!2!.Sif*Clty  Kouevar,  the  close  agreement  between  lbs  results  (natural  frequency,  iUr-im 

rnw  toiw  »T  ob-ained  with  the  fees#  fame; it*  tMUwsf  sod  the  rectangular  t Seise  elcnent  * 

(REDfh)  UetSod  indicates  that  both  give  goad  results. 


the  c.V.,'^nr5yrU  **“1***  ln  r*f*r*M*  1  to  <5*t?rc5'*  *»*«  cl  finite  rlesaot  node  lotaticn  Co 

the  e#xcu,atiot>  of  natural  frequency .  stress,  and  deflection  of  a  trosc-ctiffencd  panel  subjected  to 

clwrped-tlacspod  been  function  «  he*.  Sa.ed  upon  the  results  of 
*rC*  l>  *?■  *lnc*  ctperlsemsl  data  were  avs.iuble,  the  ewnclu.iaa  was 
14  *t1****1  t>!*  •»*?»«•<  ife^ry  using  beam  funtt-on,  could  be  u.ed  for 

.he  dynaaric  arulysle  of  cross- stiffened  panels.  However,  this  procedure  sav  produce  ,a  wawtief actos v  • 
dynsaic  deecripties  of  tl^  fuftdsaental  node  of  «»  crose-stiffewa  piste,,  end  it  v-sU  be  srce.wr.  to 
develop  a  erfrerion  te  detentln*  when  the  sS*pllfl«i  tl.-eory  p-.n  be  used  to  predict  the  Suo<Wnt*l  fvc- 

o1  *  ?Ut,r'  0fttl1  It  appear,  that  the  sUplified  ttaory  pro- 

cacfr*  oa  this  f r&q^ncy .  y  ? 
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Application  to  Fiber  Reinforced  Composite  Panels 

Using  Che  results  of  the  previous  section  as  a  guide,  the  theory  was  now  used  to  predict  the  free 
vibrations  and  the  strain-strc  's  response  of  fiber  reinforced  composite  panels  ubjected  to  random  acoustic 
excitation. 


The  simplified  theory  and  the  finite  element  approach  with  REDYN  were  first  used  t  compute  the 
fundamental  frequency  and  strain  in  an  orthotropic  plate  that  was  clamped  on  all  four  edges,  .he  .■•’de’ 
used  was  intended  to  simulate  the  central  bay  of  the  cross-stiffened,  graphite-epoxv  .est  panels  previously 
described.  The  central  bay  dimensions  used  for  this  solution  were  6X9  inches  to  account  for  the  I-beam 
and  T-section  flanges  which  supported  the  nominal  7  X  10  Inch  central  bay  by  approximately  0,5  Inches 
around  the  periphery  and  thereby  reduced  the  unsupported  area  of  the  panel.  The  computed  fundamental  frc 
quency  and  the  unicodal  strain  response  at  the  edges  o?  the  long  and  short  edge  of  the  plate  are  given  in 

Table  VI.  The  strain  gage  response  for  gages  Sr  2  and  7  is  also  given  in  Table  Vi  for  acoustic  test  panels 

Nr  2  and  Nr  3. 

The  linear,  finite  element  program  REDYN  was  also  used  to  predict  (Table  VI)  the  fundamental 

frequency  and  strain  response  near  strain  gages  Nr  2  and  7,  in  the  skin  of  the  central  bay  of  the  acoustic 

test  panels.  The  finite  element  model,  in  this  case,  designed  for  the  analysis  represented  only  one  quad¬ 
rant  of  the  complete  c.oss-st  if  fence!  panel  with  hound  v  conditions  chosen  to  produce  symmetrical  response 
about  the  panel  centerlines  and  zero  deflection  and  slope  at  the  other  Cvo  edges.  Reference  1  gives  the 
complete  details  af  this  model.  It  should  be  noted  that  the  theoretical  strains  wr-!  at  the  centroids 

of  smalt  finite  elements  ’.hat  included  the  location  of  strain  gages  Nr  2  and  7. 

There  Is  agreement  between  the  theoretical  frequencies  given  in  Table  Vi  and  these  in  turn  agree 

with  the  experimental  values.  There  is  also  general  agreement  between  the  strains  predicted  by  iha  beam 

function  approach  and  both  finite  element  calculations  for  the  simple  plate  and  the  cross-stiffened  panel; 
however,  these  do  not  agree  with  the  experimental  values.  This  disagreement  is  of  the  sar.e  order  .  f  magni¬ 
tude  aa  discrepancies  between  theoretical  strains  and  experimental  stresses  reported  by  previous  ivesti- 
gatora  for  the  dynamic  behavior  of  isotropic  pane's.  This  disagreement  nay  be  due  to  the  following  (11  non¬ 
linear  strain-pressure  relationship.  (2)  Local  strain  at  the  periphery  of  Che  cross-stiffened  panel  may  be 
significantly  influenced  by  the  local  geometry  that  has  not  been  modeled  in  the  dynamic  analysis  (the  model 
for  the  cross- st  1  f  f ened  panel  is  a  little  better  in  this  respect)  and.  <))  the  aeaust  pressure  wav  not  be 
considered  spatially  uniform.  St  nay  be  possible  in  the  future  to  reduce  these  difference*  bv  using  a  finer 
grid  in  the  finite  element  analyst*  and  by  accounting  for  the  deviations  from  the  asamu  ‘  fully  ear  related 
loading  conditions. 


?.  OiSCUlSiOhS 


Two  set  Hods  ii  analysts  have  been  developed  for.  predict  deg  linear  strain  response  to  avaus'  i< 

«S4  Itbt  loft.  The  sistplifted  theory  will  predict  the  ynincuial  response  at  the  ! u«dari.en! a l  f  t  cgueftcy  of  a 
flat,  rwgtangular  ■  ortH.  if  Spic  plate  subjected  to  fuily  coi -.ciute-J ,  white  noise  exclSAlien  and  rfsnped  on 
si!  (ovf  edges ,  At  the  present  tino  there  is  no  criterion  ;e  IndSfaie  ¥*>*»  She  simplified  theory  is  appli¬ 
cable  (e  the  design  ef  skin*  pf  cross-st if feaed,  fiber  ec;-.=fcrced  cotepesjtc  panoU. 


The  second  sscstftad  cob*!  sled  af  aspirins  an  available,  linear,  finite  element,  dynamic  site*'* 
analyst*  eespvSer  p-ogran  for  predicting  the  natural  ireqaeac tee  and  the  welt i-nswia! ,  stress.  response  5r> 
the  skin  had  interna!  sttwetute  of  ertMifpic  plates  ■»-:#>  fee  1  p-i  m  hr oaf -hend  agpustie  pressure  ea.i*.  ation. 
thi*  tbeiiHNi  of  s.balye.ie  provided  net isfaciofv  sgrbofeent.  between  predicted  and  experimental  f vruSaasemt  al  ft«» 
fadtw.lee.  A  confer Ss»b  of  rft*  predicted  strains  5r>  the  panel  skins  a;  leu  oy.-ttatpen  lecel'  sad  strains 
in  ihp  satins  af  the  flat,  ac.eustic  lost  panels  eJsoAee-d  eatiaf ac terv  aareesTent  in  the 
45 f  f et'esscee  >e!  -»e«  predicted  and  espeftuental  values  were  appro s  1  s-t t e  1  the  s-awp  t 
have  been  den  .psente-d  during  acoustic  fa'igve  invest igat low*  V  prsdu*  :  ed  with  i;o falls.' 
severai  y*»e*. 

.tonic  fatigue  test  -rceraats  wt~  c  eoshe-- a  e4  e-  S 5 1:..  1  r  flat  hnrcw-rpeyv  ant 
graobite-aSnrKV  Cedrpe.slte  test  panels  these  prcgraivs  y  !v  1  cod  data  en  'he  dr.-.an.Sc  c 
panels  «e«fc  as  ;*scesar.t  f  Toque  be  tea ,  vw*d«  eH»p*a,  panel  4**?  i  factors  and  dvnsn.lt 
■erwf-if stS-'e  ..at*  =se-4  <va  types  <*l  fiber  relisforced  ceasposi  to  pane)  failures  that  m  resslt  firm  high  inten¬ 
sity  ,'inice  wore  alee  ehfaSned. 
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use  S*  af  a  joint  assemble  In  a  :Mn  skin  arsl  pv-sstfcly  in  she  Jei-ti  -  p*  t-erKment  --f 
panel,  St  appear*  that  ;t*  stress  at  \br  failure  l-oc.v.iom  result*  lfe.it  «i«pjr  bn'd 
use  of  S-!f  curves  c-M  ain.ed  -y.'.der  eatet-Yiallv  *  5  «y  5  a-  vend  I  ns  i  ps»l !  f  5  oris  app-sr.s  fe* 
of  iKe  jysnel  life. 
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and  Deflection  of  Honeycomb  Panels 


Figure  1.  Geometry  and  Coordinate 
System  of  Rectangular  Plate 
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Figure  2.  Boron- Epoxy  Test 
Panel,  Mounting  Fixture  and 
Strain  Cage  Locations 
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Figure  3.  Typical 
Borou-Epoxy  Panel 
Mod  Shapes  and 
Resonant  Frequencies 
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Figure  7.  Typical  Boron-Epoxy  Panel  Failure 
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Figure  9.  Single  Specimen  Mounted 
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Figure  8.  Beam  Specimens 
for  Shaker  Tests 
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Figure  10,  &ase  Acceleration  lor  Typical  Shaker  Specimen  (10  g  Run) 
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Strain  Gage  locations  on  Shaker  Specimens 


UR-  (CYCLES) 


Figure  ,13.  Summary  of  Shaker  S-R'SData 


NOTE*  1.  ALL  WWW  «A«8  SHOW)  ARE  m  THE  EWOSED  SUWWS  Of  THE  SKIN. 

2.  all  mansions  are  nominal, 

Figur;  14.  Schematic  of  Graphite-Epoxy  Advanced 
Composite  Panel  with  Selected  Strain  Gage  Locations 


TABLE  I  ^TPICAL  PANEL  STRAIN  GAGE  RESPONSE  DATA 


SPL 

dB 

i  I'eaR  Strain  -  Micro  inches/ Inch  f 

Freq 

H* 

1 

GAGE  NS 

2 

3 

4 

13.0 

138 

t  280 

t 110 

i  210 

iso 

134 

155 

440 

180 

330 

180 

138 

170 

.  550 

240 

410 

- 

142 

180 

650 

320 

470 

- 

146 

194 

,  960 

400 

650  . 

150 

225 

1250 

620 

107C  - 

■  - 

154 

233 

1400 

700 

1100 

- 

158 

260 

2150 

1000 

1550 

162 

270 

2700 

- 

- 

164 

-- 

- 

1750 

- 

TABLE  XI  DAMPING  FACTORS 


BAY  NR 

- - - 

4  . 

PANEL  NR 

Frequency  (Ha) 

Damping  Factor 

184  187  177 

.023  .016  .013 

Frequency  (Ha) 

Damping  Factor 

233  238 

.014  .03? 

Frequency  (Ha) 

Daaplug  Factor 

Frequency  (Ha) 

Damping  .Factor 

Strata 
Gage  Nr 


TABLE  III  STRAIN  GAGE  RESPONSE 
(Mltao-INCH/INCU-RHS)  FOR  PANEL  Nil  2 


Oyerall  Sound  Pressure  Level  (dB  re  0.0002  dynee/cn2) 

136  13,  M2  143  148  151  154  15?  160  163  166 

4B  dB  dB  dB  dB  dg  dB  dB  dB  dB  dB 

88  112  128  152  126  200  225  260  275  300  330 

U4  160  210  260  310  345  400  450  500  ;  545  600 

68  80  90  104  114  120  140  150  160  190  210 


SESSION  t  DISCUSSION 


DATING  AND  COMPOSITE  STRUCTURES 


Commenting  on  Mr.  Hay's  paper,  Dr.  Mead  said  td  .  damping  measurements  from  response  tests 
carried  out  in  travelling  wave  tube  test  faciliti  would  be  complicated  by  the  fact  that  some 

modes  of  vibration  of  the  structure  would  have  high  acoustic  damping.  This  is  likely  to  be  more 
significant  at  lower  frequencies  and  therefore  the  damping  values  meat  ared  at  low  frequencies  may 
well  be  exaggerated.  There  are  several  damping  mechanisms  present  which  depend  on  frequency  and 
mode  wavelength  in  different  ways.  For  example,  shear  damping  is  likely  to  be  dependent  on  wave¬ 
length  squared  whereas  damping  due  to  bending  moments  on  joints  is  independent  of  wavelength.  It 
therefore  seems  unrealistic  to  look  for  a  simple  frequency  law.  Dr.  White  commented  on  the  effect 
of  non-linearity  of  joints  and  added  that  there  is  also  a  possibility  of  non-linear  stiffness 
being  significant  in  some  of  the  modes.  This  affects  the  wav  in  which  damping  can  be  derived  from 
the  vector  diagrams.  The  maximum  amplitude  and  the  maximum  i.  te  of  change  of  are  length  do  not 
occur  at  the  same  frequencies.  Mr.  Hay  replied  that  in  some  tests  there’were  results  for  different 
levels  of  excitation  and  so  it  might  be  possible  to  look  at  the  -ffect  of  amplitude  and  hence  see 
if  there  is  any  marked  non-linearity  effect  appearing.  In  reply  to  another  question,  Mr.  Hay 
-■  >id  that  the  data  oresented  was  for  a  mixture  of  modes.  It  was  not  easy  to  identify  the  modes  but 
it  might  be  possible  to  indicate  which  are  the  lower  order  modes. 

Mr.  Wolf  was  questioned  on  the  details  of  the  experimental  procedure  used  in  his  work.  He 
replied  that  all  the  failures  were  in  the  skin  material  for  both  bonded  and  rivetted  constructions- 
Stress  concentrations  were  present  which  are  not  reflected  in  the  S-N  data.  No  measurettents  were 
maJe  of  the  stress  distribution  in  the  skin  over  the  stiffener,  it  was  suggested  that  the  rivetted 
specimen  appeared  to  have  a  longer  life  than  the  bonded  specimen  on  the  S-N  plot  because  the  testa 
were  done  on  the  basis  of  controlling  the  strait,  at  a  point  some  distance  from  the  stress  concen¬ 
tration,  The  different  strain  gradients  in  the  two  types  of  attachments  could  result  in  unfair 
comparisons.  In  reply  to  a  question  on  failure  determination,  Mr.  Wolf  said  that  a  frequency 
change  of  about  20%  was  deemed  to  define  failure.  All  failures  were  at  the  edge  of  the  panels. 
Attempts  wore  made  to  position  the  failures  at  the  centre  of  the  panel  by  using  doublers  at  the 
edges.  They  also  tried  to  get  information  on  crack  propag;.  ion  rates  by  using  holes  to  initiate 
cracks.  This  was  not  very  successful.  In  reply  to  another  question,  Mr.  Wolf  said  that  they  had 
tried  to  monitor  the  strain  on  the  Boron  panels  but  it  was  very  difficult  to  keep  the  strain  gauges 
on  t'\e  panel.  They  lasted  for  only  about  2  minutes  <r  the  higher  strain  levels.  Reference  2,  which 
is  i  the  course  of  preparation,  will  gf"o  the  strain  data  which  is  considered  to  be  roliable. 
Non--cont -’cting  displacement  transducers  were  also  used  on  the  beam  tests.  Tho  stiffness  proper¬ 
ties  of  the  composite  were  determined  from  mechanical  tensile  tests,  as  describe  !  in  reference  1. 
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SUMMARY 


Titanium  honeycomb  sandwich  structure  is  being  increasingly  demanded  for  aerospace  structural 
applications.  A  major  limitation  in  meeting  this  demand  has  been  the  availability  of  a  joining  system 
capable  of  realizing  the  structural  and  thermal  properties  of  titanium  alloys.  Four  systems  are  available; 
adhesive  bonding,  aluminum  brazing,  resistance  welding  and  diffusion  bonding.  Of  these,  only  resistance 
welding  and  diffusion  bonding  have  the  full  temperature  capability  of  titanium  and  it  is  believed  that  dif¬ 
fusion.  onding  has  structural  advantages,  particularly  in  sonic  fatigue.  This  paper  deals  with  the  sonic 
fatigue  characteristics  of  titanium  sandwich  utilizing  a  "Liquid  Interface  Diffusion"  (LID)  bonding  process. 
Sixteen  test  panels  were  subjected  to  round  levels  of  up  to  17Qdb  for  extended  time  periods.  Various  failure 
modes  and  times  to  failure  were  observed.  Sufficient  strain  and  acouBtic  data  were  taken  to  develop  a  semi- 
empirical  design  analysis  nomograph.  The  analytical  approach  taken  utilized  a  single  degree  of  freedom 
random  response  equation  combined  with  a  finite  element  approach  for  determining  natural  frequencies  and 
static  stress  values.  The  effect  of  skin  repairs  and  facing-to-core  bond  voids  were  investigated  by  testing 
panels  with  programmed  defects.  Sonic  fatigue  testing  was  also  performed  on  titanium  honeycomb  sandwich 
panels  reinforced  with  graphite-epoxy  laminates. 


i 


t 

I 


* 

5 


b 


l 


1.  INTRODUCTION 

The  analytical  approaches  used  to  determine  the  natural  frequencies,  static  stresses  and  dynamic 
stresses  for  the  test  panel  configurations  are  presented  in  the  first  section.  The  second  section  deals  with 
the  experimental  approach,  and  includes  the  test  results.  The  analytical  and  experimental  results  are  then 
brought  togotaor  in  a  series  ot  regression  analyses  to  provide  simplified  equations  for  calculating  frequen¬ 
cies  and  stress  levels.  These  equations  are  then  used  to  generate  design  nomographs  which  are  presented  in 
Section  5,  with  n  recommended  design  procedure.  The  effects  of  panel  fabrication  defects  on  sonic  fatigue 
life  are  discussed  in  the  experimental  section. 

2,  THEORETICAL  APPROACH 

2.1  INTRODUCTION 

Although  acoustically-induced  vibrations  usually  consist  of  several  response  modes,  fatigue 
damage  is  usually  dominated  by  one  mode.  This  enables  a  sing, le-degree-o {-freedom  theory  to  be  used  to  es¬ 
timate  dynamic  stress  levels.  Natural  frequency  and  static  stress  components  of  the  dynamic  stress  equation 
are  determined  using  fi nito-eleoent  structural  analysis  computer  programs.  . 

241  OENERAL  THEORY 

Miles  (Reference  1)  has  developed  a  singla-degroe-of -freedom  response  equation  for  the  mean 
square  stress:'  - .  . 

'  2  s 

o  (t)  »  »_  £  C(f  )a  (1)  ' 

Lt  1  vo 


where  f.  ■  the  natural  frequency  of  the  fundarton'  *1  mode  in  Hs 

G(fe)  »  spectral  density  of  the  acoustic  pressure  at  the  frequency  f^ 

°o  "  *lat*c  •treaa  duo  to  a  nai'or*  unit  static  pressure  losd 
t  »  damping  ratio 

Equation  1  lots  found  widespread  application  in  sonic  fatigue  analysis.  However,  in  order  to 
utilize  it,  the  following  aar-uaptions  are  mads: 

a)  Only  one  response  mode  affect#  fatigue  life.  This  is  usually  asaurrsi  to  be  tbs  iundeasataj 
•  with  fully-fixed  edges. 

b)  The  vibration  mods  shape  is  identical  to  the  deflection  rode  under  a  uniform  static 'pressure 
lod. 

c)  Acoustical  pressures  ere  exactly  in  phase  over  the  whole  panel, 

d)  The  spectral  density  of  the  acoustical  pressure  la  constant  in  the  frequency  range  aesr  the 
fundamental  frequency  of  She  panel. 

The  assumption#  in  V*  have  «  self -cancelling  tendency.  neglecting  seconder?  rts.russe  rodea 
to  undetesrtlesting  overall  response  stresses.  Assuring  full  fixation  at  the  panel  edges  leads  to  an 
■aBAAtwA silgs  sAseess*  -  ■  . . . . .  ...  . . . . . . . I  . .  ,,  —— . 
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In  structural  design  work,  th»-  dam;  g  ratio  (r)  is  estimated  from  previous  experience  and  is 
usually  in  the  region  of  0.02  to  0.05.  1.  decerminat.f  o  of  natural  frequencies  (fr)  and  ekatic  stresses 
(o0)  is  described  in  the  following  paragraphs.  1 

2.3  FREQUENCE  ANALYSIS 

Works  by  Abel  (Ref ere  oe  .1  and  Ahn.j  (Reference  3',  were  used  to  calculate  natural  frequencies. 
Reference  2  was  available  at  the  begim  ing  of  the  program  and  was  v  d  for  initial  frequency  estimates.  It 
is  limited  to  axisymmetrical  structures  and  leadings.  In  order  to  use  this  method  .or  plates,  a  near 
infinite  radius  cylinder  was  analyzed  an<_  an  aspect  ratio  correction  applied  baaed  os  Reft  'e  4.  Abel's 
method  has  the  advantage  of  simplicity  and  short  computer  time  (less  than  me  minute  ;  ar  case  .  Later  in 
the  program  Ahmed’s  method  was  used.  Thic  work  is  m.  a  complex  and  doe  no.  have  the  axisymmet.  leal  limita¬ 
tion.  The  two  methods  gave  similar  values  or  fully-fixed  edges.  However,  Abel's  program  coulc  not  be 
used  for  low  aspect  ratio  simoly-supported  flat  plates  because  the  appropriate  boundary  conditions  along 
the  short  edges  could  not  be  e emulated.  Siv.ce  only  fixed  edges  were  to  be  considered  in  the  final  analysis 
and  a  computer  program  based  on  Abel's  work  was  available,  these  f requeue ' os  were  used  in  the  subsequent 
dynamic  stress  calculations,  Figures  1  and  2  (from  Reference  5)  were  used  to  determine  core  shear  modulus 
and  core  density  values,  respectively.  Corrugated  foil  values  were  used.  'Xcble  1  lists  panel  conf  dura¬ 
tions  and  shows  a  comparison  of  calculated  frequencies  using  Reference  2  and  3 . 

Table  1 

Calculated  Frequencies 


CONFIG. 

NUMBER 

PANEL 

DEPTH 

(IN.) 

FACING 

THICKNESS 

(IN.) 

CORE 

CLAMPED  FREQUENCIES 

CELL  SIZE 
(IN.) 

FOIL 

THICKNESS 

DENSITY 

LB/FT3 

SHEAR 
MODULUS 
LB/ IN. 2 

AB^, 

AHMED 

(Hr- 

1 

1/8 

.005 

3/16 

.002 

6.8 

121 

- 

2 

1/4 

.(T3 

3/16 

.0015 

5.1 

35,000 

287 

299 

3 

1/4 

mm 

1/4 

.003 

— 

7.7 

8", 500 

276 

287 

4 

1/4 

.012 

3/16 

.002 

6  3 

73,000 

294 

302 

5 

.020 

3/16 

.0015 

5.1 

55,000 

6 

1/4 

.020 

3/16 

,002 

6.9 

73,300 

309 

308 

7 

WBBm 

1/4 

•  003 

7.7 

82,300 

308 

307 

a 

1/2 

3/16 

BE* 

5.1 

55,000 

494 

524 

9 

1/2 

.012 

3/16 

warn 

3.1 

5  5,000 

514 

444 

10 

1/2 

.020 

1/4 

.003 

7.  • 

82,500 

523 

547  .. 

In  order  to  construct  a  frequency  design  nomograph  (paragraph  5.11  .•?  simplified  aquation  was 
obtained  (paragraph  4,2)  by  regressing  the  frequanoiaa  calculated  using  Reference  2  against  the  program 
input  paramo tors. 

3J  STATIC  STRESS- ANALYSIS 

Reference  3  was  used  for  estimating  efees sea  is.  the  noncyeosb  pawl#  under  a  uniform  etstie 
presauv*  of  1  Ib/ft*.  Inter  in  the  program  NAS  IRA.','  (a  large  gentrsl-purpoue  cospu' atiacd  atructot.il  analysis 
systais  based  on  finite-element  techniques  and  developed  by  NASA— Reference  6)  was  u“*d.  The  genaral  accapt- 
* nee  of  NASTRAN  lu  the  American  aerospace  Indus try  enables  it  to  bo  used  on  product  designs  without  aptelfic 
Justification.  For  this  tea  ton  it  is  used  to  generate  the  static  at  Teases  used  in  the  fins!  dy«.i»ic  street 
equation.  NASTKAN  or  similar  general-purpose  progress  are  widely  used  in  industry  for  static  oaalyai*  and 
*>**  duplication  of  effort  (0,5.,  modelling)  is  avoided  if  the  sum  program  is  used  to  genera t«  static  stress 
value*  in  support  of  sonic  fetigue  enalyrla 

the  general  assumptions  asdc  in  this  analysis  ares 

a)  Linear  elasticity  theory  applies. 

b)  The  core  is  orthotropic. 

e)  th»s»#l  streius  in  th*  tore  axe  negligible. 

d)  Tlit  core  is  incapable  v,f  carrying  in-plane  loads. 

.  e) "  Plano  turfacse  remain  plans. 

Triangular  and  rectangular  eleamnt*  were  used.  Both  Included  uncoupled  atabeena  tad  banding 
stresses  and  have  five  degree*  of  freadosi  par  node. 
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The  following  element  properties  were  used  in  the  computations: 

6A1-4V  Titanium  Facings  3A1-2.5V  Titanium  3/16  x  .002  Core 

E  -  16  *  106  lb/in2  E  -  0 

G  “  6.2  x  10°  lb/in2  G  «  43,800  lb/in2  (Transverse) 

p  -  0.16  x  lb/in2 

The  orthotropic  core  limitation  is  not  generally  representative  of  honeycomb  core.  Shear 
modulus  values  in  the  transverse  direction  are  60X  of  the  values  in  the  ribbon  direction  for  the  core  used 
in  this  program.  The  values  given  in  Figure  2  are  for  the  ribbon  direction.  Since  the  comparison  between 
analytical  and  experimental  data  was  to  be  made  in  the  transverse  direction,  the  602  values  were  used  in 
estimating  static  stress  levels.  However,  suc.i  a  change  in  the  core  shear  modulus  had  only  a  22  effect 
on  the  facing  stress  values.  Because  of  this  minimal  effect  of  shear  modulus  on  stress,  the  differences 
in  shear  moduli  for  the  different  honeycomb  cores  were  neglected  in  the  static  stress  analysis.  In  the 
worst  case,  this  represented  a  2*  loss  of  accuracy. 

Table  2  shows  a  comparison  between  Ahmed’s  and  NASTKAN  static  stress  values  at  the  center  of  a 
clamped  panel  for  a  uniform  static  pressure  of  1  lb/ft2. 

Tabfe? 

Static  Stresses  Qua  to  Uniform  Prmurit  of  f  Lb/Ft* 


- ~~ — "1 

PANEL  DEPTH 

m.) 

FACING 

THICKNESS 

(IN.) 

STRESSE? 

(LB/IN2' 

NAStRAN 

AHMED 

1/8 

.005 

104.0 

-  ■ 

1/4 

.00$ 

33.9 

33.1 

1/4 

.012 

22.6 

21.5 

1/4 

.020 

13.7 

13.2 

1/2 

.008 

17.0 

16.7 

1/2 

.012 

11.4 

11.1 

1/2 

L  _ 

.020 

•  6,9 

6.7 

Center  stresses  rather  than  edge  stresses  at-?  shown  because  they  were  eventually  used  <«  regrea* 
slug  against  stw  test  data.  Edge  stresses  were  highly  dependant  upon  edge  doubles'  soefl^usetlvne  which  Id 
turn  varied  with  the  facing  tbfrfccM**.  Stress  distribution*  ware  obtained  for  cach  jstral  fn  order  to  relate 
censer  streets.*  to  the  ssslxu*  assesses  in  the  pahs la.  Figwre  3  shove  the  diettibutiea  for  panel  ataw«r  4, 
which  bait  .QlS’Vfacing*  with  0.016  edge  doubler*. 


Static  value*  was*.  tfc*a  saltoUtatS  fur  variaea  ever  all  pa&el  *lm  -ad  aepac*  ratiss#  and 

A  tiUlpi*  tejsaeaiws  aaalyaf*  sarEciwid  bc-t*****  ISr  cal.wletad  values  *«i  tit  pregrta  Wttpwt  peraactvre 
(paragraph  i)).  fhim  aaalyaix  was  ward  to  gaaeraut  *  Static  uses*  deatga  a«s»*rajb  (paragraph  3.2). 
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3.  experimental  approach 

3.1  INTRODUCTION 

The  objective  of  the  experimental  investigation  was  to  obtain  structural  response  and  fatigue 
life  data  for  the  titanium  honeycomb  panels  under  random  acoustic  loading.  he  data  form  the  empii  :al 
basis  for  a  simplified  sonic  fatigue  design  nomograph. 

Sixteen  panels  comprising  10  different  configurations  wore  tested  in  ..  "progressl  .-e-uavs  tu' 

Two  panels  had  controlled  core-to-facing  voids,  one  had  a  racing  repair  and  one  had  a  potted  insert.  Also 
tested  were  two  panels  vUn  graphice-epexy  reinforced  facings.  Thirteen  of  the  panels  were  tested  to 
failure. 

12  TEST  PANEL  DESIGN 

The  10  configurations  rested  are  given  in  Tab’r-  1.  Each  panel  measured  25,25"  x  18.5"  with 
6A1-4V  titanium  facings  and  3A1-2.5V  titanium  core  (corrugated! ,  Eu.H-depth  close 'uts  were  used  to  represent 
a  clamped  condition  when  mounted  in  the  "progressive-wave  tube."  Edge  doublets  were  typical  of  design 
practice,  being  1-1/4"  wide  with  their  thickness  sorreapending  to  facing  thickness  as  follows: 

Ea-'lng  Thickness.  Doublet  Thickness 

.005  .012 

,03d  .012 

.013  .016 

.020  .020 

Panel  area  densities  ranged  from  1/4  to  1  ,;4  Ib/it*. 

13  COSE  TO  PACING  QONO 

1  i»f  joinu.js  systems  are  available  for  titanium  honey  .sssii  sandwich;  adhesive  bonding,  aluminum 
braring,  resl  lance  welding  and  diffusion  bonding.  Of  these,  un*  >  resistance  welding  and  diffusion  hvc.Jlng 
.ml ua  the  tail  tesjesrature  capability  of  (UsaIuk  alloys.  TW  panels  used  In  this  program  vers  diffusive 
bended  using  a  iguld  Interface  Diffusion"  process  ,  The  ISO  joining  ceneept  utilise*  an  electie* 
pU'e  of  aelected  natal  Ult  applied  -o  Else  faying  ».ut  faces.  The  bonding  t*  p«(f«roe4  at  l/OO'^E.  In  s  High 
vacuus*  furnace .  the  LID  eletteMe  are  iHcs  diffused  Sato  the  substrafe,  and  diiut  a  to  a  point  where  degra¬ 
dation  of  base  water?  el  is  ttfnlalsaii. 

!«  addition  to  high  ettengt-S,  4.10  joint*  Have  ««  inpertant  v<sl;bt  sdvaatage . bvet  biased 

and  welded  join;.*.  The  absence  e(  a  fillet  beeps  the  l,!D  ,j<rt#i  weight  to  1/ISO  ib/ft?.  LVlded  feints 

Add  V*  Ife/ll^  and  Kny-eJ  sr.t!  brsard  joints  typically  add  1/10  lb/ ft’.  This  v«? IgHt  saving  aupreaehea  401 
in  1  Sghtv'Sf.ieht  wegisw  swats. 

14  «<S  T*  UtiS  NY  AT  tC*l 

Each  panel  was  fttfctr&ttMiVnd  with  six  strain  gavges;  a  biaxiai  at  th«>  pence  a  center  a«s  a  single 
■**'is  gassS*  -t  the  ceete*  ef,  and  i-xrVAi  to,  each  Side-  Small  tl/9"\)  strain  gauges  were  v,eCA  to  avaid  e*- 
ce*g i&i  stTain  irersging  effect*.  JT-ree  sicrophenee  vsr*  weed  ;o  smtlvt  aconstie  levels  In  the-  "pregfes' 
*ivg-v4vt  tuhe . "  S4a.ce  levels  and  epestra  g-seted  in  tha  test  reruit ?  Ate  f tear  a  aticvi-.jhone  located  at  she 
Cartel  center. 

A&  TEST  PROCEDURE 

The  panels  were  subjected  to  bread -hand  rsnf.ctr  noise  at  grating  Stttiecjuro  In  a  ''pt  -grasclve-vsav* 
tube"  at  the  K'Shcaasll-Oauglsa  *  yew. it Us  facil.lv  in  Seat*  Sostta.  CaUfcrnia.  A  tcssisriis  exp-es-ate  tu*  e-f 
»?  hours  v"»*  set  for  each  ope  rating  sewtsd  pteseuf--  level  (cnirnspo  .d*  to  gr&sldr  tHaa  16*  cycle*  for  the 
panel  designs  tested).  Shis  ti~l  was  therttn-ed  wM«  it  was  apparent  f run  the  strain  levels  that  tbs  pos¬ 
sibility  of  a  fatigue  failure  was  r  iu>te .  VSoinevc r  this  vs*  de-r.e,  test  Ins  was  contihoed  st  a  higher  sound 
pressure  level .  Sihea  a  panel  shoved  n?  eigos  of  damage  after  26  hemes  at  slfeSb  cthe  nciKlmsas  eepavlt?  si 
the  test  facility),  this  overall  level  was  saintained  sod  the  fregvcsry  sp.se tmn  esc roved  tv.  either  l/J  or 
i  octave  ce^fcerrd  atewhd  the  nasi&ru  tlrwctwCal  tn<ive.fe  frequency. 

The  pastel*  vera  eisweted  an  as  to  clearly  rewikbie  flsfty  ef  fie  vdgs#.  Tniting  Soetsl  1st iea 
th*  fttrain  gang:*#  were  srswiloted  to  detect  *»y  preload.  It  5e  Iscpori  nmt  that  a  good  fit  exist  between  the 
peas)  sad  the  itxt\ire  to  preclude  preaatute  edge  failures,  in  order  to  *-*■;;? e  that  the  panel  f espc.rse  vaa 
(hit.  w«s5vl>-  afisetrsd  by  tVwVovkcs  So  the  test  fit  Curing,  accelerooeters  v*t  utvd  to  odoitor  fixture 
s -wpvttte .  ho  oital* leant  mf iuesic*  was  detected. 

T«\ntlt*g  started  with  a  *lr*  sweep  at  1402b  (sent  5G  id  1 ,003  Sr  to  detnntitw  oatutal  f rogae-sc les . 
thi*  use  fnllovsd  by  a  "llheatity"  theci1  with  fsniwt  excitetlc«  Jroa  140  to  3E5db  .n  idb  st*s?*  for  10- 
soentd  Intervals.  The  acowetlt  levels  fet  *vb ? nguen l  <rsiurat*ec  rwas  were  aelcctod  vxt  the  baais  of  the 
strsan  levels  eeeaured  uwriwg  the  linearity  check.. 

Data  feductisa  wtt  at cc-npiitbod  in  "real-t.ne”  during  testing.  Strai-i  and  acouetic  levels 
were  alto-  retarded  on  itagsetic  tape-. 

Detailed  iaaptc t Iwi*  of  the  teat  panels.  Including  “tip"  testing  for  voids,  wire  sarrisd  out  at 
lh?.«rval*  tfi-giog  f tor,  10  asct-tida  at  the  begiftriing  of  endurance  r.sr.s  op  to  cs*o  hear  as  the  '<st  progressed. 


data  seduction 
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Overall  levels,  spectra  and  phase  changes  were  measured  for  all  microphone  and  strain  gauge 
outputs.  Figures  4,  S  and  6  show  a  sine  sweep,  noise  and  strain  spectra  and  a  phase  plot,  respectively, 
for  panel  cumbex  4.  The  phase  plots  between  microphone  and  strain  gauge  outputs  were  generated  to  dis¬ 
tinguish  between  "forced"  and  "resonant"  response  peaks,  in  order  to  optimise  the  statistical  accuracy 
of  the  spectrum  analysis  it  is  desirable  to  use  the  maximum  filter  bandwidth,  compatible  with  good  reso¬ 
lution,  in  order  to  permit  the  maximum  averaging  time  for  a  given  total  analysis  time.  To  accomplish  this, 
2,  5,  10,  20  and  50  Hi  filters  were  used  to  generate  spectra  for  a  given  data  point.  Each  major  response 
peak  was  reduced  to  a  spectrum  level,  assuming  a  flat  spectrum  across  tne  filter  bandwidth,  by  subtracting 
10  lcgjQ  (filter  bandwidth)  decibels  from  the  measured  value.  Spectrum  levels  derived  from  the  2,  5  and 
10  Hr  filtered  levels  were  virtually  identical,  20  Hz  levels  were  lower.  Accordingly,  the  10  Hz  filter 
was  used. 


Figure  4.  Sire-Sweep. 
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17  TEST  RESULTS 

The  results  of  the  progressive  wave  tube  tests  are  summarized  in  Table  3.  Panel  configurations 
ate  given  ir.  Table  1.  Panel  2A  was  the  same  as  2  with  a  four-ply  (0  -90'  -90  -0)  graphite-epoxy  laminate 
bonded  co  one  facing.  Panel  2B  was  the  same  as  2A  with  a  two-ply  (0  -90  )  laminate  added  to  the  other 
face.  Panel  3  had  a  twe-inth  circular  skin  patch  at  the  panel  center.  Panel  4B  had  a  potted  insert  at 
the  center.  Panel  5a  had  a  2"  x  1"  void  at  the  center  and  Panel  9  had  a  thin  5-inch-long  edge  void. 

Table  3 

Sonic  Fatigue  Test  Results 


natural 

FREQUENCE 

(Hz) 


SOUND 

PRESSURE 

LEVEL 

(db) 


CENTER 

STRESS 

VERALL 

RMS), 

(LB/IN'") 


3,360 

6,250 

12,5u0 


- — 

DURATION 

; 

HOPE  OF  FAILURE 

10  hours 

None 

20  hours 

None 

30  minutes 

i 

Delamination 

6  hours 

None 

2  minutes 

Facing  Failure  at  Edge 

10  hours 

None 

10  hours 

Edge  Failure 

5  hours 

None 

2  hours 

Edge  Failure 

5  hours 

None 

18  hours 

Core  Failure 

20  hours 

None 

1  nour 

Edge  Failure 

5  hours 

None 

2  hours 

None 

22  minutes 

Delamination 

10  hours 

None 

3  minutes 

Denomination 

10  hours 

None 

1  hour 

None 

25  minutes 

Delamination  at  Edge 

10  hours 

None 

20  hours 

None 

8  hours 

None 

Edge  Failure 

1  hour 

None 

20  hours 

None 

2  hours 

None 

(Test  Discontinued) 

10  hours 

None. 

7  hour6 

None 

8  hours 

Facing  Failure 

10  hours 

None 

18  minutes 

Delamination 

10  hours 

None 

20  hours 

None 

2  hours 

Faring  Failure  Near  Edge 
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DISCUSSION  OF  TEST  RESULTS 


The  test  data  clearly  show  dif fusion-bonded  citanium  sandwich  structure  to  be  suitable  for 
application  in  high-intensity  acoustic  en\  ironmer.tr .  variety  of  inodes  of  failure  are  indicative  of  a 

good  balance  between  lacing  material;,  core  and  heni  8t,ength3  as  well  as  in  the  detail  design  of  the  edge 
doublers  and  closeouts. 

Table  4  ..hows  a  comparison  between  measured  and  calculated  frequencies. 


Table  4 

Comparison  Between  Calculated  and  Measured  Frequencies 


CONFIGURATION 

NUMBER 

PANEL 

DEPTH 

FACING 

THICKNESS 

CALCULATED  FREQUENCIES 

MEASURED 

FREQUENCIES 

CLAMPED 
(REFERENCE  2) 

SIMPLY  SUPPORTED 
(REFERENCE  3) 

]_ 

1/8 

.005 

121 

— 

150 

2 

1/4 

287 

177 

200 

3 

1/4 

.008 

276 

X77 

200 

4 

1/4 

.012 

294 

220 

285 

5 

1/4 

.020 

308 

290 

295 

6 

1/4 

.020 

309 

290 

290 

7 

i/4 

.020 

308 

290 

290 

8 

1/2 

.008 

494 

346 

380 

9 

1/2 

.012 

514 

424 

425 

10 

1/2 

.020 

523 

— 

390 

The  measured  values  fall  between  the  clamped  and  simply-supported  values  with  the  exception  of 
configurations  1  and  10.  The  high-measured  frequency  in  the  first  case  was  probably  due  to  the  influence 
of  the  edge  doublers  and  closeouts  extending  into  the  extremely  light  panel. 

The  measured  overall  stress  levels  are  consistently  lower  than  those  calculated  using  Miles' 
equation.  Comparing  stressec  at  the  panel  centers,  the  measured  values  were  1/2  and  1/4  of  the  calculated 
values  for  the  1/4"  and  1/2"  panels  respectively.  This  indicates  that  the  response  stresses  are  more  sen¬ 
sitive  to  changes  in  core  depth  than  indicated  by  Miles'  equation.  This  comparison  was  made  using  the 
measured  frequencies  in  Miles'  equation. 

The  direct  relationship  between  overall  stress  and  the  acoustic  spectrum  level  at  the  maximum 
response  frequency  was  held  within  15%  for  most  data  points.  Damping  ratios  were  between  0.03  and  0.07, 
witli  an  average  value  of  0.05.  These  are  relatively  high  values  for  progressive  wave  tube  tests,  but  are 
not  untypical  of  full-scale  measurements  on  aircraft  structures.  The  effect  of  core  density  (and  therefore 
core  shear  modulus)  on  the  overall  stresses  was  greater  than  expected. 

The  test  data  show  that  t.he  fatigue  characteristics  improve  with  decreasing  facing  thickness. 
There  are  several  possible  explanations  for  this.  LID  j  lints  have  relatively  small  fillets  resulting  in 
a  notch  effect.  This  effect  is  offset  slightly  with  thinner  facings.  Another  factor  may  be  the  acicuisr 
(Widmanstatten)  mlcrostructure  in  the  facings  at  the  bond  lines.  This  results  in  locally  improved  fracture 
toughness  and  fatigue  characteristics.  This  effect  penetrates  j  constant  0,005"  and  therefore  has  a  great¬ 
er  effect  on  thinner  facings.  In  order  to  plot  the  maximum  stress  in  the  panels  against  cycles  to  failure, 

stress  distribution  graphs  (such  as  Figure  3),  were  used  to  relate  measured  stresses  at  the  panel  centers 
to  maximum  values  at  t.he  edge  doubler.  These  values  were  used  in  the  dynamic  stress  nomograph  (Figure  10). 
The  fatigue  data  indicate  that  the  LID  titanium  panels  realize  a  comparable  proportion  of  the  base  materia, 
fatigue  properties  as  udhesive  bonding  does  for  aluminum. 

I’anel  5A  had  a  2"  by  1"  void  at  the  center  of  one  face.  This  doubled  the  local  facing  stress 
but  did  not  result  in  a  premature  failure.  Failure  occurred  at  the  edge  ot  the  panel,  without  any  propa¬ 
gation  of  the  void  having  occurred.  Panel  9,  which  had  a  5-inch-long  edge  void,  delamination  prematurely, 

Obviously,  edge  void  criteria  need  to  be  more  stringent  than  with  center  voids.  The  facing  repair  on 
Panel  3  had  no  detrimental  effact  on  response  or  fatigue  life.  Panel  48  with  the  potted  insert  suffered 
skin  delnmlnatlcm  around  the  edge  of  ti.e  potting,  but  the  failure  was  not  premature.  No  deterioration  of 
tile  potting  compound  was  exj  lenced. 

The  graphite-epoxy  reinforcement  gave  encouraging  results,  particularly  when  both  facings  were 
treated.  Panel  2A  was  origlnailv  tested  with  the  graphite  layers  terminating  just  short  of  the  edge 
doublers.  This  resulted  In  a  negligible  reduction  in  the  response  levels.  The  layers  were  then  extended 
over  the  edge  doublers  to  provide  a  load  path  Into  the  panel  flxturing.  Tills  resulted  in  the  values  shown 
in  Table  3.  The  graphite  added  on  Panel  211  was  equivalent  In  weight  to  Increasing  the  facing  thickness  of 
panel  2  from  .008"  to  .016".  The  stress  level  at  165db  was  reduced  from  9,600  lb/in^  to  1,040  lb/in^. 
Increasing  the  facing  thickness  from  .008"  (Panel  2)  to  .020"  (Panel  5)  reduced  the  stress  to  1,100  lb/in^, 
Thus,  the  graphite  demonstrated  a  significant  strength/weighl  Improvement  over  6A.1-4V  titanium  alloy. 


15-9 


During  the  development  of  the  LID  process,  several  panels  with  marginal  mechanical  properties 
were  sonic  fatigue  tested.  The  results  showed  that  slight  variations  in  mechanical  properties  resulL. i  in 
major  sonic  fatigue  life  differences.  Failure  times  aried  from  35  seconds  to  12  hours  at  similar  response 
levels.  These  early  tests  helped  to  establish  the  necessary  quality  control  and  bonding  process  parameters 
In  order  to  ensure  consistently  good  sonic  fatigue  performance. 

4.  REGRESSION  ANALYSIS 


4.1  INTRODUCTION 


It  Is  rare  that  sonic  fatigue  test  data  fail  neatly  into  the  simplified  equations  used  in  most 
practical  design  work.  Different  structural  concepts  and  their  respective  applications  often  show  suffi¬ 
ciently  unique  characteristics  to  make  an  individual  regression  analysis  of  test  data  a  preferable  basis 
for  a  design  method  than  a  generalized  theory.  Reference  7  provides  such  a  theory  for  aluminum  skin-stringer 
and  s.  dwich  structures.  The  regression  analyses  in  this  seccion  form  the  basis  of  a  sonic  fatigue  design 
technique  for  titanium  sandwich  structures  (outlined  in  Section  5) . 


Multiple  regression  analysis  techniques  have  become  very  easy  to  use  with  the  availability  of 
"canned"  digital  computer  programs.  However,  unless  the  underlying  statistical  nature  of  these  techniques 
and  their  limitations  are  well  understood,  erroneous  conclusions  can  easily  be  reached.  The  first  dynamic 
stress  regression  in  this  program  used  the  acoustic  load  as  an  independent  variable,  along  with  the  relevant 
structural  parameters.  A  statistically  significant  and  accurate  equation  was  obtained.  However,  the  load 
had  an  inverse  relationship  with  the  stress.  Upon  reflection,  it  was  realized  that  this  was  because  the 
stlffer  test  panels  were  subjected  to  higher  loads  to  produce  significant  stress  levels.  Consequently, 
the  regression  analysis  associated  high  sound  levels  with  low  stresses.  In  such  an  obvious  case,  the  error 
is  easily  detected,  but  a  not  so  obvious  case  may  easily  go  unnoticed.  Any  relati  'o  between  the  depen¬ 
dent  and  an  independent  variable  should  be  examined  to  determine  if  it  is  basically  .  -al  and  whether  It 
stems  from  a  meaningful  relationship  in  the  data,  or  from  a  peculiar  characteristic  of  the  test  program. 

In  the  example  cited,  the  problem  was  overcome  by  dividing  the  acoustic  load  into  the  dependent  variable. 

Another  problem  in  regression  analysis  is  the  elimination  of  "outliers."  The  overall  accuracy 
of  an  equation  can  often  be  improved  by  eliminating  highly  deviant  data  points.  When  this  is  done,  however, 
the  "T"  and  "F"  values  should  be  rechecked  for  significance  (the  smaller  the  sample  size  the  greater  the 
"T"  and  "F"  values  needed  for  a  given  level  of  significance. 


A  standard  IBM  "Stepwise  Multiple  Regression"  program  capable  rf  handling  curvilinear  and 
second-degree  polynomial  functions  wa3  used  in  these  analyses.  1'he  following  statistical  parameters  are 
quoted  for  each  regression: 


Multiple  Correlation  Coefficient  —  Indicates  degree  of  correlation  between  dependent  and  in¬ 
dependent  variables. 

"F"  Value  —  Indicates  the  reliability  of  the  regression  equation  (analysis  of  variance! . 

"T"  Value  —  Indicates  the  reliability  rr  the  relationship  between  the  particular  independent 
variable  and  the  dependent  vriable. 

Standard  Error  —  Is  the  standard  deviation  of  the  residual,  (errors). 

Durbln-Watacn  Statistic  —  Indicates  degree  of  autocorrelation  in  error  terms.  A  good  statistic 
implies  a  high  confidence  level  for  "F"  and  “T"  tests. 


4.2  NATURAL  FREQUENCIES 


The  frequencies  calculated  using  Reference  2  (Table  1)  were  regressed  against  the  core  depth 
(h)  and  the  facing  thickness  (t).  Typical  variations  in  core  properties  have  negligible  effect  on  frequen¬ 
cies.  The  following  relationship  gave  the  best  results: 


f 


2,239  h 


0.913 


r0.194 


(2) 


The  following  statistical  data  apply  to  this  equation: 


Multiple  Correlation  Coefficient .  0.990 

"F"  Value  for  Analysis  ot  Variance . 221.588 

Standard  Error  of  Estimate.  ........  23.800 


Regression  Std.  Error  of  Computed 


Variah,'  Coefficient  Reg.  Coeff.  ’T"  Value 
h  0.91266  0.04414  20.675 

t  0.19404  0.04891  3.967 

Average  %  Deviation  ......  .  6Z 

Durbln-Wataon  Statistic  ....  .  ,  2.0 


Combining  this  equation,  which  is  for  a  fixed-panel  size  of  18,5"  by  22.25",  with  the  frequency 
equation  in  Reference  4,  the  following  equation  is  obtained: 

,0,913  ,0.194 

h _ __t _ 

f  -  2 ,88Kn  ’  b2"  '3) 


Where  b  la  the  length  of  the  smallest  side.  Figure  7  (from  Reference  4)  given  values  of  Km  for 
various  aspects  r.tfiou. _ _ _ 
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Equation  (3)  forms  the  basis  of  the  frequency  design  nomograph  given  in  Section  5  (Figure  8). 


43  STATIC  STRESSES 

The  maximum  edge  stresses  in  a  clamped  panel  with  no  edge  doubler  were  calculated  using  NASTRAN 
and  regret, ,«d  against  core  depth  (h)  and  facing  thickness  (t) .  Additional  computations  were  performed  for 
vavioun  overall  panel  sizes  to  permit  the  panel  width  (b)  and  the  aspect  ratio  (a/b)  to  be  included.  The 
following  relationship  was  obtained: 


oQ  *  3.96  x  10'4  b2  (a/b)0-792  (4) 

ht 

Where  h0  the  stress  at  the  center  of,  and  normal  to,  the  longest  side  due  to  a  uniform  pres¬ 
sure  load  of  1  lb/ft^. 

The  following  statistical  data  apply  to  this  equation: 


Multiple  Correlation  Coefficient.  .  0.998 

"F"  Value  for  Analysis  of  Variance.  .  .  .  1168.932 

Standard  Error  of  Estimate . 41a. 245 

Regression  Std.  Error  of  Computed 
Variable  Coefficient  Reg.  Coeff.  "I"  Value 

h  2.0061/  0.04242  47.288 

a  0.79272  0.07862  10.083 

h  -0.97856  0,00581  -168.407 

t  -0.97532  0.00644  -151.481 

Average  %  Deviation .  6 X 

Durbin-Watson  Statistic  .  1.. 


Equation  (4)  forma  the  basis  of  the  static  stress  nomograph  given  in  Section  5  (Figure  9). 

4.4  DYNAMIC  STRESSES 

The  measured  overall  rms  stresses  given  in  Table  3  were  regressed  against  various  pant,  parameters 
in  the  follwing  form: 

“  fn  (f,  li,  t,  pr) 

2 

Where  L,  is  the  acoustic  spectrum  level  in  (lb/Ct  )/Hz 


(5) 
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Although  a  good  curve  fir  was  obtained  (7%  average  deviation),  low  T  statistic  values  were 
obtained  for  t  and  5  i,. -Heating  a  lack  of  significance.  They  were  subsequently  dropped  from  the  analysis. 
Because  of  the  high  interdependence  between  frequency  (f)  and  core  depth  (h),  "Hulticollinearity"  problems 
were  encountered  during  regression  indicating  that  only  one  of  these  two  variables  was  required.  Thus, 
final  regression  was  made  against  frequency  and  core  density  only.  (Core  density  and  core  shear  modulus 
values  are  readily  interchangeable  from  Figures  1  and  2.)  The  e1  iinination  of  core  depth  (h)  and  facing 
thickness  (t)  iron,  the  dynamic  stress  regression  did  not  exclude  _neir  effects,  but  simply  limited  them  to 
their  contribution  via  static  stress  values  (Oo)  and  frequencies  (f) .  The  following  relationship  was 


obtained: 

Log10  =  2.4?  -  0.00147f  -  0.0395  0C 

o 

The  following  statistical  data  apply  to  this  equation: 

Multiple  Correlation  Coefficient .  0.991 

"F"  Value  for  Analysis  of  Variance .  303.822 

Standard  Error  of  Estimate.  ........  3.781 


Regressic  Std.  Error  of  Computed 


Variable  Coefficient  Reg.  Coeff.  "T"  Value 
f  -0.00147  0.00007  -22.616 

pc  -0.03953  0.00839  -  4.710 

Intercept  2.47208 

Average  X  .  Lation .  4,5/1 

Durbin-Watson  Statistic  .  .  1.14 


The  above  equation  simplified  co  the  form: 

296.5o0L 

0  w  U 

rms  - — — 

(1.0034f)(1.095Pc) 

2  2 

Where  L  Is  in  lb/ft  and  °0  is  the  stress  due  to  a  static  uniform  pressure  of  1  lb/ft  .  The 

value  of  0rms  corresponds  to  the  location  of  °o.  Usually,  maximum  values  are  used,  which  for  a  flat  rec¬ 
tangular  panel  occur  at  the  center  of  and  normal  to  the  longest  side.  Equation  (6)  forms  the  basis  of  the 
dynamic  stress  design  nomograph  in  Section  5  (Figure  10). 

5.  OESIGN  NOMOGRAPHS 

Three  design  nomographs  are  presented  in  this  section,  based  on  Equations  (3,  4  and  6)  developed 
In  Section  4,  The  frequency  and  static  stress  nomographs  are  for  fiat  clamped  panels  only.  The  dynamic 
stress  nomograph,  although  developed  from  flat  panel  data,  may  be  applied  to  curved  panels,  cylinders  and 
for  various  edge  comPtions.  However,  in  such  cases  it  should  be  used  with  caution  since  there  is  no  em¬ 
pirical  supporting  data. 

The  basic  estimating  procedure  for  flat  plates  is  to  use  Figures  8  and  9  to  estimate  the  fre¬ 
quency  (f)  and  static  stress  value  (^o)  and  then  to  input  those  values  into  Figure  10  to  obtain  the  overall 
rms  stress  (°rma)  and  fatigue  life.  The  static,  stress  nomograph  is  for  the  maximum  edge  stress  with  no 
doubler.  In  practical  designs,  edge  doublers  are  invariably  used  and  the  thickness  and  width  of  these 
doub-.rs  affect  the  maximum  edge  stresses.  Consequently,  a  general  design  method  should  make  an  allowance 
for  these  effects.  Typically,  edge  doublers  range  from  1"  to  2"  in  width,  having  a  thickness  equal  to,  or 
one  gauge,  higher  than,  the  facing  thickness.  When  such  doublers  a:"'  used,  multiply  the  stress  obtained  from 
Figure  9  by  0,7. 

The  majority  of  aerospace  structures  do  not  consist  simply  of  flat  rectangular  panels.  They 
are  often  curved  or  have  cutouts  and  fittings,  etc.  The  recommendod  design  procedure  in  those  cases  is  to 
bypass  the  frequency  and  static  stress  nomographs  and  use  a  general-purpose  structural  analysis  computer 
program  (such  as  NASTRAN)  to  determine  frequencies  and  maximum  static  stress  values.  Input  these  values 
directly  into  Figure  10  to  obtain  the  maximum  overall  rms  stress  and  corresponding  fatigue  life. 

xi—  a — nom-'-rephs  can  he  applied  to  titanium  sandwich  structures  utilizing  core-to-facing 
JOMilng  systems  -f.ier  tha..  !l.  .  However,  cue  fatigue  „ui."  perjon  of  me  oynamie  attest'  uomogiapa  ma> 
not  be  applicable. 


Odooin 

FACING  THICKNESS  "t"  (In.) 


Figaro  8 .  Frequency  Nomograph. 


COM  MMITV  -ft"  llitfr1) 


f/gurt  10.  Oyiunuc  Stnta  Nomogtiph 
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SUMMARY 

Near  field  noise  and  temperature  measurements  on  1/4  scsY  model  of  the  VFVv-FOKKER  VAK 
191  B  aircraft  Indicated  that  critical  environments  will  do  Induced  on  aircraft  structural  components  du¬ 
ring  the  VT O  and  STO  configurations. 

This  paper  reports  the  results  of  the  structural  response  and  endurance  test  performed  at  FIAT  on  a  fu¬ 
selage  skin  panel  and  on  a  wing  trailing  edge  flap. 

The  noise  and  temperature  simulation  procedure  and  the  experimental  facilities  arranged  for  testing  pur¬ 
pose  tre  also  briefly  described. 


1.  INTRODUCTION 

The  design  of  acoustic  fatigue  resistant  structures  frequently  results  from  static  toads  con¬ 
siderations  and  tne  acoustic  fatigue  problem  is  taken  into  account  by  best  available  design  criteria  and 
design  practices, 

Subswenity,  du-'ing  the  cievelopmiwit  phase  of  the  aircraft,  tests  are  conducted  in  order  to  verify  the  eg 
pabllity  of  structural  component*  to  withstand  acoustically  Induced  toads  without  cracking  and,  1#  neces¬ 
sary,  to  improve  ’he  basic,  d^s Igr.. 

Sometime,  the  problem  can  get  more  complicated  If  other  environments,  such  as  high  tnnyaera.tui  es,  act 
on  the  structure  in  coronation  with  the  acoustic  excitation. 

In  these  cases  endui  tests  with  temperature  and  nolsw  simulation  win  iesd  to  suggestion  for  design 
changes. 

During  the  de  ■■fllopme-i,  of  the  v/STQL  VAK  191  (3  aircraft,  *  foled  project  between  the  ttact  Comw&niiss 
VFvV  and  FIAT,  it  was  anticipated  that  critical  thermal  acoustic  environmeni*  wOcltd  be  induced  on 
certain  local  structural  areas*  during  tin*  VTO  end  S'.TO  configurations. 

Near  field  wotse  *f*i  Tr'rtPcratuhi?  measurements  on  a  quieter- ilrcraft  model  indicated  that  the  }e«i*e 
front  fuiietag-  panels  and  the  wing;  trifling  edijp  flaps  would  be  exposed  simultaneously  to  high  temper-ato- 
res  and  high  seuHi?  pr assure  tevef.y  .  'crpn.ce  1). 

For  the  lovapr  fuselage  panels  ivuwever,  lima  thermal  VnTvifhjmtcimtr-  were  runsicfere.il  not  so  significant  a* 
for  the  wing  trailing  *,  y e  fiaps  and  were  n*j't  simul  xiect  |r>  the  acoustic  test**. 

The  twM  lime,  defined  an  the  basis  of  the  required  safe-  life  flying  hours  of  J!\e  prototype  aircraft.  w-4s 
30  hours. 

This  time,  covering  TbO  YTCC.  and  yao  n T OL  flights,  was  determined  assu  ming  a  ttitut  time  c-f  f>  Ivour's 
SPani  In  u- a  S.ake-  rff  and  landing  co  .figurations,  and  a.  scatter  factor -of  5, 

i.  TgST  .SPECIMENS  AfWcNGMMfeNT  AND  ACOUSTIC  YfLST  FACILITY. 

The  (efii  specimen  were  ,-aj"-esrnSect  by  the  actual  aircraft  .  .structural'  components. 

The  fuselage  panel,  Including  radar  ante-pea,  consisted  n‘  n  rectangular  TOO  h  &®0  mm  curved  plate  with 
Stringers  a,.j  frame  sc  c  t  ks'rx  aftd.veSS  installed,  as  sh;;w«-  in  rig,  J,  in  the  acoustic,  rest  sac  t  Ion  i<>  such 
,«  way  that  the  c*nvi>.\  Side  was  excited  i,  the  gracing  : rv,.  J rtt*  sound. 

A  special  mounting  frame  was  not  required,  hs  the  pa.net  surface  area  w*s  r„'ir>i  ec  t  ed  sufficient  to  emulate 
the  adjacent  structure  flexibility. 

For  the  traiilrg  edge  flap,  which  consisted  of  a  sandwich  honeycomb  structur  e  >‘e  installation  was  com¬ 
pile  ated  bv  the  necessity  to  reproduce  the  jhe.-mai  t*ffects, 

A  quart  tamp  radiative  heater  was  manufactured  for  this  purpose,  and  ty  we  placed  inside  the  progres- 
•»!••-  w nv»<  t  hfl  ber  as  Shown  in  h  it;,  2. 

The  flap  vpas  fastened  to  t-hc  side  of  the  test  section  in  such  a  r\ar  -;pr  that  it  was  t-Hu-weci  to  expand  under 
the  thermal  load  without  restriction. 

The  Acoustic  T  tdigtue  Fncllltv  of  FIAT  -  Gas-dynamic  Laborsto-ics  * seiecterf  for  these  tests  since  it 
perm, '  tod  the  required  noise  levels  to  be  generated. 

In  'this  Test  Facility,  Who p n  general  arrangement  is  Illustrated  lr\  Fig,  3,  the  sound  was  generated  by  two 
different  units'. 

-  a  *v*tprfi  of  six  louc'  speakers  for  the  preliminary  experiments  (structural  response  iPVtlysx),  as  ten- 
baratlvely  low  »*>.»  .J  Intensity,  wide  range  of  frequencies  end  considerable  tone  pureness  were  required. 


16-2 


-  A  system  of  six  eiectropneumaiic  transducers  (Pye-l_in^)  fed  with  compressed  air  for  the  endurance 
tests. 

A  typical  example  of  sound  field  spectral  analysis  for  transducers  operating  both  sinusoidally  and  as 
wide  band  random  noise  generato-s  is  given  in  rig,  4. 

Further  information  about  ihis  facility  is  given  in  Reference  2. 

3.  PRELIMINARY  EXPERIMENTS 

As  a  starling  point  it  was  necessary  to  determine  the  natural  frequencies  of  the  structural  com¬ 
ponents  such  that  me  excitation  bandwidth  could  be  placed  ove.-  the  range  of  these  frequencies. 

By  means  of  electrical  strain  gages,  located  as  shown  in  Figs.  5  and  6,  the  predominant  resonant  frequen 
cles  and  the  associated  mode  shapes  could  be  found. 

In  order  not  to  impair  the  fatigue  life  of  the  test  specimens  the  response  tests  were  performed  at  room 
tempprature  with  low  sound  pressure  ievels. 

To  achieve  more  available  structural  response  data,  sinusoidal  excitation  at  125  dB  QASPL  and  random 
excitation  at  129  dS  OASPL  were  adopted. 

Linder  sinusoidal  excitation,  as  presented  in  Figs,  7  and  6,  the  structural  components  revealed  several 
natural  frequencies  distributed  in  the  octave  bands  centered  at  12?  250,  500  Hi, 

This  distribution  was  atso  confirmed  by  the  structural  response  results  obtained  under  random  excita¬ 
tion  and  it  suggested  m  perform  the  subsequent  endurance  tests  with  wide  band  random  noise  spectrum. 


4.  ACOUSTIC  FATIGUE  TESTS 


Acoustic  fatigue  tests  represented  the  concluding  phase  of  the  acoustic  prevention  programme 
for  the  VAK  191  Q  Aircraft. 

The  test  oonoi t ions  could  be  defined  on  the  basis  of  the  results  of  noise  and  temperature  measurements 
performed  on  the  aircraft  model  and  of  the  preliminary  experiments. 

For  simplicity  Purpose,  It  was  decided  to  simulate  only  the  most  damaging  fatigue  erwifxx  menta  which 
occurred  during  th»  ,L.o  v  ,'f  end  binding  flight  segments. 

Thus  the  lower  fuselage  panel  was  tested  under  the  noise  spectrum  of  the  vT0t.  configuration  (Referen¬ 
ce  3i  as  in  this  configuration  the  aircraft  jets  hit  the  ground  normally  a«/*  the  sound  intensity  was,  found 
to  bo  the  maximum  (151  .113  CASP-L).  The  ttijt  spectrum  was  well  placed  in  the  r-st'-ge  of  the  predominant 
vibration  modes  of  the  panel  and  presented  « tight  ions  from  the  measured  spec  trues,  33  »*ic«n  in 

Pi(t.  9. 


Thermal  toaxis  ivere  rvot  simulated  sf-uce  It  »vs*4  predicted-  that  buy  would  have  not  affected  the  fatigue 
.•Htsrata'Ka  of  the  panel. 

During  the  test  the  st /  ains  On  different  ^IgotEr  .jp,  points  of  the  QQr&i  shin  4M  *1  ifhmerij  ,-.**--*  recorded, 
».\d  the  strains  pfW(!ys!*(Flgil.  >0  and  1  t}  inq-caied  a  maximum  s-insin  of  56yiC  RMS  in  the  «?*- 

vo  band  cefti-.-rec  at  SOO  Kit, 

Ttse  panel  was  ra.i.siiie  to  withstand  the  test  noise  Spectrum  fpr  the  .Use- 1 c  required,  t im-.  w t liw  •  ^  i&t\- 

an  t  w->»  •.  .  *-phBt rated  by  visual  Inspect  ior*  an<>  qy  |h*  continuous  «2**cA  of  a  datura! 

< iueht' y  (361  H,*.  ,  se'ected  to  detect  any  lot  S;>!»nt  failures. 

For  the  trailing  edge  flat)  it  l"-0  re  SnP-hi  s !  icate  d  test  arrangement  ,y  k)  j>  fmc  exfurex  wns  equ  I  ret  since 
the  thprnvsl  toatfs  could  not  be  neglected. 


In  fact  the  measurement*  on  the  ai,x-.‘vaft  mqrfel  (Reformer  S)  indicated  that  curing  the  short  t.yxe-off  the 
lo.ver  flap  Surface,  directly  struct  by  the  mofn  jet  exhaust,  was  subjected  to  a  ih»*f"w(n  heat  flow  of 
JAfj  Ks/m*  combined  with  I  $(}  rf{3  CFvHPL. 

During  the  vertical  -iVe-off,  instead,  the  heating  i.aS  hicp'hi  negi iqe ai; } O  a.'v?  (he  sound  intensity  *' each cut 
a  maximum  ov-eral  I  value  of  1 50  d#3. 

f^rei  imir.a.r-y  heairyt)  tests  carried  th't  t>'’  honeyx6n9y  sandwich  parols,  having  structural  rftarac lent st ic s 
simitar  (n  those  of  the  flap,  enabled  to  establish  that,  str-hinq  the  panels  with  the  Si  CX.  thermal  stow, 
excessivel  y  h i ph  v,  which  txvrvt-rd  honeycomb  td  mjcture  ccutt!  rot  withstand,  were  reached  in 

a  very  s!-  jr(  time. 

thus,  in  order  to  clear  the  f  ‘  ap  of  the  main  jet  oxfcatiSt,  t|  was  decided  to  r  VC  v'“ix,(l  Umltati-.ns  on  the 
flap  and  rutin  jet  deflections  during  the  short  laHw-off  a-VJ  to  M*n  out  the  flap  acoustic  fotqMe  lest  un¬ 
der  a  constant  temperature  of  70  s  <$*C,  «H  «  being  the  mssitpun  allowed  f«vr  the  at£het !ve, 
f>ve  ere  *  band  \  ahdom  noise  spec  If*  which  were  used  In  the  testa  (Fija.  IJ  13)  and  derived  from,  pie 
*5  ;  OL  ..r  r  LrTOb,  -'.-'i  I'a  t  rirvfl  r’es)tx>dux‘ed  failhfuf'y  only  the  ter,  ice  >1  Cx  :'UJ  f  J —me  '.ir  es  in  the  octave 
bands  Centered  «t  !25  and  250  Hj, ,  which  rri.e met  ihr  .1 1  important  flap  natural  frequencies, 

T<>  obtain  nare  reoilstic  test  conditions,  the  noise  sixes' Ira  were  mixed  according  to  the  t  •-*  spent  in 
each  JwVe-off  ant)  tandfwg  configuration,  Du--'ig  the  test  to-npe natures  and  strain*  <yf  the  ffap  Surface  we¬ 
re  controlled  bv  means  of  IhenwxtMjl  m  and  strain  qaqe#;  the  maxlmsm  strains  measured  weed  6ajjf  RMt, 
(STCiL)  and  AOpf  RMS  (VTOL)  in  the  net  ■  >-e  band  tente-cd  at  250  *-iy  (rigs.  1  J  an;)  tAi. 

inspection.;  performed  both  visually  and  with  anprc*>riau>  ln«iruments  (Bond- Tester,  tiddy  Sonic  fteqr,. 
for)  demonstrated  the  capability  of  the  *i«b  tv  v.'lhsland  pie  combined  thermal  and  acoustic  «x,  irpnixen't 
without  fat  gue  damages  0  Otway  of  the  adhesive  t»ius>ers iv  ». 


5. 


CONCLUDING  REMARKS 


In  this  DAui/r  !h»*  result'.  of  the  acoustic  fatigue  tests  perfor  ..ion  on  VFvS  -FOKKEIR  VAK  *91  B 
structural  components  have  been  briefly  presented. 

Somo  short  remarks  hav.  -  also  t-een  made  with  regard  to  prel  imjnary  m».*«isuremt  nts  and  experiments  carried 
rimentai  p ro c eciu re :•> . 

In  particular  it  should  o*  otrd  that  many  t*?siinv)  difficulties  were  encountered  in  the  simulation  of  the  com¬ 
bined  environments  ant.  the  arrangement  of  the  test  section. 

He  woven  the  results  obtained,  were  satisfactory  because  not  only  did  they  complete  an  investigation  on 
structural  elements,  but  tho>  a«so  allowed  the  acquisition  of  useful  data  on  the  fatigue  behaviour  on  ho¬ 
neycomb  sandwich  panels  under  thermal  acoustic  excitation. 
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Fig.  3-  ACOUSTIC  FATIGUE  TEST  FACILITY :  General  layout 
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A  “SINUSOIDAL  WAVEFORM 


Fig.  4 -VAK 191 B- ACOUSTIC  FATIGUE  TEST  FACILITY  :  Theoretical  ratings  in 
progressive  wave  tube 
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VAK  191  B  :  FUSELAGE  LOWER  PANEL  :  Strain  response  at  the 
resonant  frequencies 
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FIG.  8  -  VAK  191  8  :  TRAILING  EDGE  FLAP  :  Strain  response 
at  the  resonant  frequencies 
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Fig  10  -  VAK  191  B  FUSELAGE  LOWER  PANEL  ACOUSTIC  FATIGUE  TEST 
Octave  band  strains  analysis 
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Fig.  11  *  VAK  191  B  FUSELAGE  LOWER  PANEL  ACOUSTIC  FATIGUE 
TEST!  Octave  band  strains  analysis 
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Fig.  12  -  VAK  191 B  -  TRAILING  EDGE  FLAP:  Ssrvice  noise  spectrumand 
facility  noise  spectrum  (STOL  configuration } 


FIG  K  « VAK  191 B  TRAILING  EOGE  FLAP  ACOUSTIC  FATIGUE  TEST 
Octave  band  strains  analysis  (STOL  configuration  ) 
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SUMMARY 


In  recent  years  data  have  been  obtained  on  the  fatigue  performance  of  aluminium  alloy  structural 
elements  which  represent  typical  skin-stringer  attachments,  or  integrally-milled  skin-stiffener  con¬ 
figurations,  for  use  in  design  against  acoustic  fatigue.  The  fatigue  data  have  generally  been  obtained 
from  tests  under  narrow-band  random  loading  with  2ero  mean  stress  in  the  skin.  In  this  paper  some 
guidance  is  given  on  the  allowances  which  should  be  made  for  differences  in  bandwidth  and  for  effects  of 
mean  stress,  when  using  such  acoustic  fatigue  data.  The  tentative  advice  given  is  based  on  general 
experience  of  the  fatigue  behaviour  of  other  types  of  structural  elements  un„er  a  wider  range  of  random 
loading  conditions. 


Some  consideration  is  also  given  in  the  paper  to  some  aspects  of  crack  propagation  under  acoustic 
fatigue  loading.  In  particular  the  problem  of  crack  propagation  under  combined  fatigue  loading  actions 
is  discussed.  Predictions  of  crack  growth  under  cabin  pressui isation  and  acoustic  loading  are  us  to 
illustrate  the  significance  of  the  problem  with  reference  to  aircraft  structures  which  must  satisfy  fail¬ 
safe  requirements.  The  need  for  further  work  on  the  above  aspects  of  acoust  "r  fatigue  behaviour  is 
emphasised . 


SYMBOLS 


theoretical  stress  concentration  factor 


number  of  cycles  to  failure 

number  of  positive  going  into  crossings 


number  of  positive  peaks 


power  to  which  stress  intensity  factor  is  raised  t-->  predict  crack  growth  rate 
number  of  acoust’c  fatigue  stress  cycles  per  flight 


S 

S 

P 

Aa 


alternating  stress  (constant  amplitude) 
peak  stress  in  pressure  cabin  cycle 


''.rack  growth  per  flight,  from  acoustic  load_ng 
rack  growth  per  flight  fr-in  pressure  cabin  loading 


a  constant 

roof  mean  square  stress  amplitude 


IN  PRODUCTION 


In  recent  years  data  have  been  obi . lined  on  the  fatigue  performance  of  aluminium  alloy  structural 
elements  which  represent  typical  skin-stringer  attachments,  or  integrally  mil  led  skin-stiffener  configura¬ 
tions,  for  use  in  design  against  acoustic  fatigue.  In  following  current  design  procedure*,  such  data  are 
related  to  the  predicted  bending  stresses  at  skin  panel  boundaries  in  order  to  obtain  an  estimate  of 
fatigue  life  to  failure.  Such  fatigue  data  have  generally  been  obtained  from  tests  under  narrow  band 
random  loading  with  zero  mean  stress  in  the  skin  -  in  the  most  commonly  used  test  method,  the  specimen 
itself  is  oxcitnd  by  a  random  '  rce  input  so  as  to  resonate  in  a  mode  of  vibration  in  which  bending  stresses 
are  induced  along  a  lino  corresponding  to  the  panel  boundary  -  Fig.l  illustrates  the  geometry  of  the 
specimem  used  in  such  touts  and  the  natu  e  of  tne  response.  However,  it  may  be  necessary  in  design  to 
consider  fatigue  performance  in  cases  where  there  is  a  significant  mean  stress  and  also  in  cases  where  the 
response  of  ch  structure  to  the  acoustic  *  tcitation  may  give  rise  to  a  multi-modal,  or  broadband,  stress 
spectrum,  A  survey  of  existing  data  shows  that  there  is  clearly  a  need  for  work  to  provide  design  data  on 
the  affects  of  mean  stress  and  bandwidth  variation  on  the  fatigue  performance  of  the  structural  elements 
concerned.  However,  ponding  the  acquisition  of  such  data,  some  guidance  may  be  obtained  from  experience 
gained  on  the  fatigue  behaviour  of  other  typea  of  structural  elements  under  appropriate  random  loading 
conditions . 


In  the  first  part  of  this  paper  consideration  is  given  to  the  results  of  fatigue  tests  on  pin-lug 
specimens  under  narrow-band  random  loading,  and  covering  a  range  of  positive  mean  stress,  which  shed  some 
light  on  the  effects  of  moan  stress  on  fatigue  performance  under  such  a  load  spectrum. 


In  the  second  part  of  the  paper  attention  is  directed  to  the  information  which  has  been  obtained  from 
tests  on  several  typos  of  structural  element  under  random  loading  in  order  to  investigate  effects  of  change 
in  bandwidth.  This  section  of  the  paper  is  based  to  some  extent  on  a  comprehensive  review  of  the  topic 
carried  out  comparatively  recont'v  (1968)  by  Swanson^  -  this  review  is  up-dated  to  include  other  published 
results  and  also  to  include  some  results  from  an  investigation  currently  in  progross  at  SAE. 
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Ir,  the  third  sr.d  final  part,  of  the  paper  consideration  is  given  to  some  eapeotv'ct  fatigue  creek 
propagation  under  acoustic  loading.  In  particular  the  problem  of  crack  propagation  under  the  acoustic 
loading  action  combin  '  with  one  of  the  other  fatigue  leading  actions  (such  a  cabin  pre  irisation)  is 
discussed.  Predictions  of  crack  growth  under  combined  cabin  pressurisntion  and  acoustic  loading  sre  used 
to  illustrate  the  significance  of  r.be  problem  with  reference  to  aircraft  structures  which  mu-t  satisfy 
fail-safe  requirements. 

Overall,  the  considerations  and  evidence  presented  in  this  paper  have  high-lighted  the  need  for 
experimental  research  and  data  acquisition  studies  on  all  of  the  three  above  aspects  of  behaviour  under 
acoustic  tstigue  loading  in  order  to  provide  a  wider  basis  for  design. 

2  EFFECT  OF  MEAN  STRESS  ON  PATXGUE  UNDER  RANDOM  LOADIHG  STRFSS  SPECTRA 

As  far  as  the  author  is  aware  there  has  been  no  work  carried  out  to  investigate  the  effect  cf  mean 
stress  on  the  fatigue  performance  under  random  loading  of  structural  elements  representing  skin-stringer 
attachments.  Before  going  on  to  consider  any  relevant  evidence  from  rests  on  other  types  of  structural 
element  it  is  desirable  to  consider  briefly  the  natjre  of  the  failures  which  occur  at  such  attachments. 

In  the  case  cf  fabricated  skin-stringer  assemblies  failures  may  originate  from  the  combined  effects  of  Che 
stress  concentrations  and  fretting  at  the  tivets  -  this  is  generally  followed  by  cracking  approximately 
along  the  rivet  line.  Other  types  of  failure  may  also  occur.  For  example,  in  such  assemblies  the  typo 
of  jointing  compound  used  may  provide  an  appreciable  degree  of  bonding  of  the  stringer  flange  to  the  skin. 
In  such  circumstances  the  failure  may  occur  in  the  skin  along  a  line  parallel  and  close  to  the  edge  of  the 
stringer  -  this  mode  of  failure  is  associated  with  the  stress  concentration  arising  frea  the  effective 
change  of  bending  stiffness  at  this  line  and  there  may  or  may  not  be  some  evidence  of  damage  due  to 
fretting  between  the  edge  of  tbe  stringer  and  the  skin.  In  the  case  of  integral ly-machined  aiin-stirfener 
assemblies  failure  would  generally  originate  in  the  radius  between  the  skin  and  the  stiffener  due  to  :he 
local  stress  concentration  effect  -  there  would  of  course  be  no  contribution  from  fretting  in  such  a 
situation. 


Having  these  failure  modes  in  mind,  it'would  be  worthwhile  to  consider  test  results,  under  t he 
appropriate  loading  actions,  which  may  exist  for  other  types  of  structural  elements  where  failure  has 
occurred  due  to  the  combined  influence  of  stress  concentration  and  fretting  or  due  to  stress  concentration 
effects  alone.  In  section  2.1  which  follows,  evidence  is  presented  on  the  fatigue  behaviour  of  a  pin-lug 
assembly  under  narrow  band  random  loading  with  a  range  of  positive  mean  stress  conditions.  It  is  cor." 
sidered  that  this  evidence  provides  some  worthwhile  guidance  which  is  relevant  to  situations  ir.  which  che 
failures  occur  from  the  combined  influence  of  stress  concentration  and  fretting.  No  corresponding  infor¬ 
mation  has  been  located  overing  failure  from  3tress  concentration  effects  alone  under  narrow  band  random 
loading. 

2.1  Evidence  from  tests  on  pin-lug  specimens 

.  .  .  .  3 

The  information  presented  in  this  section  was  obtained  m  the  course  of  an  investigation  by  Edwards 

of  the  cumulative  fatigue  damage  behaviour  of  an  aluminium  alloy  lug  specimen  (see  Fig. 2)  which  was  loaded 

through  steel  pins  -  the  stress  concentration  factor  CKfc >  was  3.0.  The  lug  was  made  from  DTD  50! 4 

materia)  having  the  chemical  composition  and  tensile  properties  listed  in  Table  I .  Tests  were  made  under 
both  constant  amplitude  loading  and  under  narrow  band  random  loading,  in  both  cases  at  a  frequency  of 
approximately  110  Hz.  The  random  loading  spectrum  approximated  closely  to  a  Rayleigh  distribution  of  peak 
amplitudes  truncated  at  a  level  generally  lying  between  3.3  and  4  times  the  rms  level  (a)  of  the  stress 
time  waveform.  The  irregularity  factor  of  the  waveform  (i.e.  number  of  positive  going  zero  crossings/ 
number  of  positive  peaks)  was  approximately  0.98.  S/N  curves  were  established  under  constant  amplitude 
loading  for  mean  stress  levels  (net)  of  +69  MNAa^  (!0  ksi),  +110  MN/m^  (S6  ksi)  and  +172  KN/m^  (25  ksi). 
Corresponding  o/N  curves  were  obtained  undvr  random  loading  for  the  same  mean  stress  conditions.  On 
average,  some  36  specimens  were  used  in  establishing  each  S/N  or  o/N  curve  with  an  average  of  4 
specimens  being  tested  at  each  condition  of  mean  and  varying  stress.  The  curves  drawn  represented  the  best 
fit,  as  judged  by  eye,  to  che  log-mean  of  the  values  of  endurance  obtained  at  each  test  condition  (see 
Figs. 21,  22,  24,  25,  27,  28  and  Tables  3,  4,  6,  7,  9,  10  of  Ref. 3).  Information  taken  from  ,-he  curves  of 
Ref. 3  has  been  used  in  order  to  examine  the  effect  of  change  of  mean  stress  on  fatigue  endurance  at  a 
given  alternating  stress,  under  both  constant  amplitude  loading  and  under  the  narrow  band  random  loading. 
Fig. 3  of  this  paper  shows  the  results  obtained,  over  a  range  of  alternating  stress  between  10  HN/rn--^ 

(1.5  ksi)  and  34  MN/m*^  (3,0  ksi).  Both  constant  amplitude  and  random  alternating  stress  are  expressed  in 
terms  of  tha  root  mean  square  (rma)  value  of  the  waveforms  concerned.  Linear  trend  lines  have  been  fitted, 
by  eye,  to  the  points  plotted  -  this  is  not  intended  to  imply  that  the  relationship  between  mean  stress 
and  log  endurance  is  necessarily  linear  over  a  wide  range  of  values  of  mean  stress. 


The  trend  lines  on  Fig. 3  suggests  chat  the  relationship  between  mean  stress  and  endurance,  over  the 
range  of  alternating  stress  concerned,  is  much  the  same  for  both  constant  amplitude  loading  and  for 
narrow-band  random  loading.  It  may  be  noted  that,  under  the  constant  amplitude  loading  tests,  yielding 
would  not  have  occurred  at  the  stress  concentration  until  a  mean  stress  of  110  MN/rn^  (16  ksi)  and  an 
alternating  stress  of  ±10  MN/m^  (1.5  ksi)  nas  was  reached  -  A  would  of  course  occur  to  a  progressively 
greater  extent  at  the  higher  loadings.  Undi .  the  random  loading  the  higher  peaks  in  the  spectrum  caused 
local  yielding  over  almost  the  whole  range  of  test  conditiono.  Broadly  speaking  such  yielding  has  a 
veneficial  effect  on  fatigue  endurance-^  -  however,  at  lower  mean  stress  levels  when  the  peak  stresses  in 
the  random  spectrum  fail  below  the  value  required  to  cause  local  yielditig  it  may  he  expected  that  the  peaks 
have  a  detrimental  effect  on  fatigue  performance.  In  such  circumstances  there  is  bound  to  be  some  element 
of  uncertainty  in  assuming  that  the  similarity  of  the  effect  of  mean  stress  on  endurance  observed  in  these 
teats  under  the  two  forms  of  loading  would  necessarily  apply  down  to  zero  moan  stress.  Nevertheless,  in  the 
absence  of  data  at  lower  11.  n  '.tresses  it  is  suggested  that  one  of  the  established  methods  (e.g.  Ref. 4) 
developed  in  order  to  correct,  for  moan  stress  under  constant  amplitude  loading  should  be  used  for  tha 
time  being  in  design  against  acoustic  fatigue. 
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Bearing  in  Kind  the  paucity  of  evidence  on  which  this  tentative  advice  is  given,  it  is  evident  that 
thare  is  *r  urgent  requirement  for  the  acquisition  of  data  to  give  much  more  positive  guidance  on  mean 
struts  efi.’Cts  under  random  loading  for  use  in  design  against  acoustic  fatigue. 

3  TKS  INFLUENCE  OF  BANDWIDTH  ON  FATIGUE  ENDURANCE  UNDER  RANDOM  LOADING 

The  behaviour  ef  aiveraft  structures  under  acoustic  loading  associated  with  jet-noise  spectra  is 
generally  such  that,  as  far  as  skin  panels  are  concerned,  the  response  will  be  predominantly  ir.  the 
fundamental  mode.  As  discussed  elsewhere  in  this  paper  prediction  of  fatigue  life  under  the  resultant 
nsrrov-baoc  spectra  of  bunding  stresses  along  the  panel  boundaries  is  baaed  on  fatigue  endurance  data  for 
appropriate  structural  elements  under  narre-v— band  random  loading.  In  many  eases  the  contribution  to  the 
overall  response  of  the  panel  from  higher  modes  may  be  trivial  and  narrow-band  fatigue  data  may  be  used 
with  confidence.  However  in  some  cases  the  contribution  from  one  or  more  of  the  overtone  modes  mai  be  too 
large  to  be  dismissed  without  further  consideration.  No  data  appears  to  exist,  for  appropriate  structural 
elements,  which  may  be  used  in  design  in  such  circumstances.  In  the  absence  of  such  data,  some  guidance 
may  be  obtained  frost  consideration  of  data  obtained  on  other  types  of  structural  elements,  which  may 
illustrate  the  nature  and  probable  magnitude  of  bandwidth  effects.  Change  in  bandwidth  is  taken  hare  to 
embrace  change  from  uni-modal  to  bi-modal  spectra  in  addition  to  the  usual  meaning  of  bandwidth  change. 

Swanson  reviewed  available  data  on  the  effect  of  bandwidth  on  fatigue  performance  under  random 
lo&ding^in  1 968  i  and  t'r.a  review  covered  information  taken  from  the  work  of  Fuller-*,  Hillberry**  and 
Swanson'  on  plain  specimens  in  aluminium  alloy,  work  by  Bussa®  on  steel  and  work  by  Broch^  on  a  r.on- 
metallic  material.  In  this  present  paper,  published  information  from  further  sources  on  the  fatigue 
behaviour  of  aluminium  alloy  aaterial  is  also  considered  -  the  associated  investigations  were  carried  out 
by  Kcwalewsk.i*von  plain  specimens  and  by  Clevenson  and  Steiner*'  on  notched  specimens.  In  addition  some 
results  are  added  which  have  recently  emerged  from  a  current  investigation  by  Edwards,  at  RAE,  on  the 
behaviour  of  pin-lug  specimens  In  which  fretting  effects  are  combined  with  stress  concentration  effects. 

3.1  Summary  of  available  information  on  bandwidth  effects 

The  principal  features  of  the  tests  made  on  aluminium  alloy  materials  and  the  results  obtained  are 
sstmmarised  in  Fig. 4,  In  this  figure  plots  are  giver,  which  illustrate  the  effect  of  change  in  the 
irregularity  factor  (N  /ti  )  on  endurance  to  failure  (N_).  Data  points  at  differing  values  of  N  /N 

"  ?  V 

and  constant  values  of  nas  stress  have  arbitrarily  been  joined  by  straight  lines  -  it  is  only  in  the  work 
of  Kowelewski,  and  Edwards,  that  more  than  two  values  of  N_/'N  are  covered  at  the  same  rms  level, 

0  p 

In  considering  ths  results  it  may  first  be  observed  that  the  rsnge  of  fatigue  endurance  for  which 
information  is  given  (10^  to  1  >  10^  cycles)  falls  more  than  two  decades  below  the  endurance  considered  in 
designing  for  acoustic  losdirg.  It  may  also  be  observed  that  the  majority  of  the  data  was  obtained  on 
plain  specimens  whereas  actual  failure  situations  involve  stress  concentration  effects  and,  probably, 
fretting  effects,  I:i  this  respect  the  work  of  Clevenson  and  Steiner  on  notched  specimens,  and  the  work  of 
Edwards  an  notched  specimens  with  fretting,  is  more  representative.  However,  looking  at  the  broad  picture 
presented  in  Fig. a,  for  a  given  rms  level  it  appears  that  increase  of  bandwidth,  or  change  from  uni-modal 
to  bi-medal  response,  is  unlikely  to  result  in  a  reduction  of  fatigue  endurance  greater  than  5031.  This  is 
perhaps  the  best  guidance  that  can  be  given  on  the  basis  of  available  evidence  -  it  can  only  be  regarded 
as  tentative  and  thers  is  an.  evident  need  for  experimental  programmes  aimed  at  providing  information  on 
representative  structural  elements  at  much  greater  fatigue  endurance. 

4  SOME  CONSIDERATIONS  OF  CRACK  PROPAGATION  UNDER  ACOUSTIC  LOADING 

In  the  first  part  of  the  discussion  of  this  section  (4.1)  consideration  is  given  to  the  relative 
merits  of  adopting  a  'fail-safe1  or  a  'safe-life'  approach  in  designing  and  testing  in  relation  to 
acoustic  fatigue.  It  is  argued  that  cracks  may  nucleate  at  multiple  origins  under  the  acoustic  loading 
with  consequent  problems  in  attempting  to  predict  crack  growth  rates.  It  is  therefore  evident  that  there 
would  be  difficulties  in  implementing  a  fail-safe  approach  to  the  acoustic  fatigue  problem.  In  the  second 
part  of  the  d’seussion  (4.2)  attention  is  turned  to  the  contribution  that  acoustic  loading  may  make  to  the 
growth  of  a  ‘fail-safe  crack'  arising  from  one  of  the  other  fatigue  'oading  actions.  In  this  latter  case 
it  is  assumed  that  «  safe-life  philosophy  has  been  adopted  in  design  against  acoustic  fatigue  and  that 
there  Is  no  damage  initiated  by  this  source  of  loading. 

4.1  Fail-safe  or  safe-life  design  in  r  ttion  to  acoustic  fatigue 

As  discussed  in  section  2  above,  a  common  type  of  F.»ilure  is  that  in  which  a  crack  develops  along  a 
line  parallel  to,  and  close  to,  the  edge  of  a  stiffening  member  attached  to  the  skin  -  the  failures  are 
initiated  in  the  surface  of  the  skin  as  a  result  of  reversed  bending  of  the  skin  along  this  line.  Consider, 
for  example,  a  typical  rectangular  fuselage  panel  (assumed  to  be  flat)  bounded  on  the  longer  side  by 
stringers  «ud  on  the  shorter  side  by  frame  members,  The  greater  part  of  t.he  acoustic  fatigue  damage  will 
probably  arise  from  vibratory  response  in  the  fundamental  'dishing'  mode.  In  such  a  mode  the  longitudinal 
distribution  of  bending  stress  along  the  failure  line  between  rwo  adjacent  frames  will  approximate  to  a 
'(i-cosine)'  relationship  such  that  the  maximum  stress  will  occur  midway  between  the  frame  positions  ~ 
sea  Fig. 3a.  Thi3  would  be  the  moat  likely  position  for  cracks  to  nucleate  in  the  inner  or  outer  surface 
of  the  skin,  to  penetrate  through  the.  skin,  and  to  extend  in  the  fore  and  aft  direction  along  the  line  of 
bending.  However,  for  an  appreciable  distance,  along  the  line  of  bending  either  side  of  the  central 
position  there  is  comparatively  little  reduction  in  bending  stress  with  the  above  stress  distribution,  In 
a  typ-'  ll  size  panel  the  reduction  in  stress  might  be  little  more  than  10%  over  a  distance  of  S  cm  either 
side  ot  centre.  Bearing  in  mind  the  scatter  in  fatigue  strength  at  long  endurance  -  as  evident  in  design 
data  sheets1  ~  it  is  more  than  likely  that  fatigue  cracks  would  nucleate  at  a  number  of  positions  along 
the  line  of  bending  over  such  a  15cm  length.  The  initiation  and  development  of  such  an  array  of  cracks 
into  one  major  crack  would  be  an  irregular  process  lying  outside  current  analytical  capability. 
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Going  one  step  further,  consideration  of  the  effects  of  a  significant  response  contribution  from  an 
overtone  mode  superimposed  on  the  fundamental  mode  -  a  not  unlikely  situation  -  further  complicates  the 
prediction  of  crack  growth  behaviour.  For  example,  in  the  2:1  mode  -  oee  Fig. 5b  (the  first  or  second 
overtone  mode  depending  on  detail  of  panel  geometry)  there  would  be  a  nodal  line  running  vertically  midway 
between  the  frames,  with  zero  resultant  stress  at  the  mid-frame  position  on  the  line  of  bending  discussed 
above,  but  with  bending  stress  maxima  in  the  vicinity  of  the  one  third  and  two  thirds  frame  pitch 
positions.  Whether  damage  under  the  combination  of  this  mode  with  the  fundamental  mode  would  be  initiated 
firstly  at  the  raid-frame  position  or  firstly  at  the  third  positions  would  depend  on  the  relative  magnitudes 
of  response  in  the  two  modes  concerned,  the  relative  frequencies  and  so  on.  Certainly,  in  fatigue  test3  on 
rectangular  panel  arrays  using  broadband  siren  excitation  simultaneous  growth  of  two  or  more  cracks  -  each 
measured  in  centimetres  -  at  different  positions  in  the  line  of  bending  has  been  observed. 

It  appears  therefore  that  crack  growth  behaviour  may  take  the  form  of  the  linking  up  of  a  number  of 
irregularily  spaced  small  cracks  into  a  'major'  crack,  which  in  the  worst  case  might  be  of  unacceptable 
length.  This  linking  up  process  could  take  place  'progressively',  but  at  a  virtually  unpredictable  rate 
under  acoustic  loading,  or  it  might  take  place  rapidly  and  catastrophically  under  the  application  of  a 
high  quasi-static  load.  Quite  apart  from  the  question  of  containing  such  damage  from  a  safety  aspects, 
the  problem  of  predicting  damage  growth  rate,  in  relation  to  the  fixing  of  acceptable  inspection  periods, 
militates  against  ths  acceptance  of  a  fail-safe  approach. 

The  particular  panel  geometry  considered  illustrates  the  nature  of  the  problem  that  would  be 
encountered  in  attempting  fail-safe  design.  In  other  areas  of  surface  structure  subjected  to  acoustic 
loading  panel  sizes  may  be  smaller  and  it  could  be  argued  that  crack  delay,  or  arrest,  would  take  place  at 
relatively  short  -  and  safe  -  crack  lengths.  Here  again,  experience  has  shown  that  there  may  be  a 
multiplicity  of  damage  origins  leading  to  crack  growth  in  the  underlying  stringers,  webs,  and  cleats,  as 
well  as  in  the  skin  so  that  prediction  of  overall  damage  growth,  as  affecting  residual  strength,  would  be 
difficult . 

However,  consideration  of  'rack  growth  under  acoustic  loading  does  not  necessarily  end  if  a  safe-life 
approach  is  adopted  in  relation  to  acoustic  fatigue  damage  and  is  successfully  implemented.  It  may  be 
that,  as  a  whole,  the  structure  is  designed  on  a  fail-safe  basis  with  respect  to  other  fatigue  loading 
actions  such  as  manoeuvre  loads,  gust  loads,  ground-air-ground  loads  and  cabin  pressurisation  loads.  In 
such  circumstances  it  may  be  necessary  to  consider  for  some  areas  of  surface  structure  whether  the 
acoustic  loading  is  likely  to  accelerate  significantly  the  growth  of  any  cracks  arising  from  the  other 
fatigue  loading  actions.  If  this  proves  to  be  the  case,  then  allowance  must  be  made  for  tht  contribution 
made  by  the  acoustic  loading  to  crack  growth  when  establishing  the  fail-safe  characteristics  of  the  areas 
of  structure  concerned. 

In  order  to  put  this  potential  problem  into  focus  a  practical  case  is  discussed  in  the  section  which 
follows  -  the  problem  of  crack  growth  in  the  skin  of  a  pressure  cabin  under  combined  pressurisatio.  and 
acoustic  loading. 

4.2  Crack  propagation  under  pressurisation  and  acoustic  loadings 

1 2 

In  this  section  results  are  briefly  presented  of  an  analysis  recently  carried  out  to  predict  the 
relative  contributions  from  the  pressure  cabin  ('hoop  SLress')  loads  and  acoustic  loads  to  crack  growth  in 
a  typical  fuselage  panel. 

The  analysis  i.s  centred  on  the  behaviour  of  a  longitudinal  crack  in  a  flat  panel  bounded  by  frames 
and  stringers;  it  is  assumed  that  the  stringers  and  frames  arc  continuously  attached  to  the  skin  and  that 
the  crack  runs  close  to  and  parallel  to  the  edge  of  one  of  the.  stringers  -  see  Fig. 6. 

Pnder  the  pressure  cabin  load  cycle  it  is  assumed  that  the  panel  is  subjected  to  in-plane  (hoop) 
stress,  the  stress  field  lying  normal  to  the  crack.  Under  the  acoustic  loading  action  it  is  assumed,  as 
in  the  general  design  procedure',  that  the  panel  is  responding  in  the  fundamental  mode  so  that  reversed 
bending  stresses  are  induced  along  the  boundaries.  The  acoustic  loading  is  regarded  as  being  significant 
only  during  engine  ground  running  at  maximum  power  and  during  take-off.  Thjs,  to  represent  each  flight, 
the  crack  is  taken  to  be  subjected  to  many  cycles  of  reverse  bending  associated  with  the  acoustic  loads 
followed  by  one  cycle  of  in-plane  loading  re, resenting  the  cabin  pressurisation  cycle. 

The  stress  spectrum  used  to  represent  the  acoustic  fatigue  bending  stresses  is  assumed  to  conform  to 
a  Rayleigh  distribution  of  peak  amplitudes  -  the  rms  levels  of  bending  stress  chosen  are  such  that  freedom 
from  fatigue  damage  throughout  the  lifetime  of  the  aircraft  would  be  expected,  as  judged  by  the  relevant 
RAeS/ESDU  Data  Sheets,  i.e.  a  safe-life  design  is  assumed.  A  range  of  values  of  cabin  pressurisation 
stress  is  taken  which  covers  typical  design  values. 

The  analysis  is  based  on  the  use  of  linear  elastic  fracture  mechanics  and  several  simplifying 
assumptions  are  made.  These  are  discussed  at  some  length  in  Ref. 12  -  the  most  important  assumptions  are 
as  follows :- 

(1)  For  the  range  of  crack  lengths  considered,  it  is  assumed  that  the  response  of  the  cr.  ked 
panel  to  the  acoustic  loading  is  such  that  the  level  of  bending  stresses  in  the  path  of  the  growing 
crack  remains  constant. 

(2)  The  stress  intensity  factor  at  the  crack  tip  is  affected  to  the  same  extent  by  the  proximity  of 
the  stringer  for  both  the  bending  case  and  for  the  axial  loading  case.  (It  is  argued  that  the 
correction  factor  on  stress  intensity  lies  very  close  to  unity.) 

(3)  In  calculating  crack  growth,  linear  summation  of  growth  increment  from  each  cycle  is  assumed  - 
this  is  equivalent  Co  the  use  of  Miner's  rule.  It  is  considered  that  cycle-to-cycle  interaction 
effects  are  not  likely  to  be  significant  with  this  particular  overall  loading  action. 
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On  the  above  basis,  an  expression  for  the  relative  crack  growth  rate  per  flight  under  the  two  forms 
of  loading  action  was  derived  (Eq  (15)  of  Ref. 12). 
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is  the  crack  growth  per  flight  from  acoustic  loading 

is  the  crack  growth  per  flight  from  pressure  cabin  loading 

1 3 

is  a  constant,  derived  empirically  by  Roberts  and  Erdogan  to  determine  ’effective'  stress 
intensity  under  bending,  as  opposed  to  axial  loading  (X  *=0.5) 
is  rms  bending  stress 

is  the  power  to  which  stress  intensity  is  raised  in  predicting  crack  growth  rate 
is  the  number  of  acoustic  fatigue  stress  cycles  per  flight 

is  the  peak  stress  in  the  cabin  pressurisation  cycle. 


The  incomplete  gamma  function  is  introduced  to  handle  the  integration  of  crack  growth  under 

the  Rayleigh  distribution  of  peak  amplitudes.  The  lower  bound  'x'  is  associated  with  a  value  of  stress 
intensity  below  which  crack  growth  will  not  take  place  -  the  upper  bound  * y 1  is  associated  with 
truncation  level. 


The  above  expression  has  been  evaluated  for  a  range  of  a  lying  between  5.2  and  10.4  MN/m  rms 
(0.75  -»  1.5  ksi  rms)  and  for  three  values  of  S  viz.  69,  83  and  97  MN/m2  (10,  12  and  14  ksi).  In 
selecting  a  value  for 


and  that  there  is  total  exposure  time  per  flight  of  SO  seconds  -  thus. 


N  it  is  assumed  that  the  fundamental  frequency  of  the  panel  concerned  is  200  Hz 

ac  4 

N  *  1.8  x  10  cycles.  A  value 

14  .  .  ac  . 

of  n  =  3.6  is  taken  from  published  data  on  crack  propagation  in  2024-T3  material  obtained  by  Hudson. 

The  results  of  the  evaluation  of  Eq  (1)  are  shown  in  Fig. 7.  (It  may  be  deduced  from  Eq  (1)  that  the 

values  of  A^/A  r  obtained  in  specific  evaluations  will  not  strictly  be  independent  of  crack  length 

insofar  as  is  dependent  on  crack  length  -  under  the  acoustic  stress  values  that  we  are  considering 

there  will  be  little  consequent  effect  on  A^/A  ,  certainly  over  a  range  of  crack  lengths  from,  say, 

2.5  cm  upwards.) 


It  will  be  seen  from  Fig. 7  that,  over  much  of  the  range  i  acoustic  fatigue  stress,  the  contribution 
to  crack  growth  from  the  acoustic  loading  exceeds  chat  from  the  cabin  pressurisation  cycle  by  a  considerable 
margin.  For  example,  with  a  pressure  cabin  maximum  stress  83  MN/m2  (12  ksi)  and  an  acoustic  fatigue 
stress  of  7  MN/m2  (=»I,0  ksij  the  contributions  will  be  much  the  same  -  with  an  acoustic  fatigue  stress  ot 
10  MN/m2  (■*>!.  5  k3i)  the  contribution  from  the  acoustic  loading  is  predicted  to  be  some  four  times  greater 
than  that  from  the  cabin  pressurisation  cycle. 

The  particular  case  of  the  contribution  that  acoustic  loading  may  make  to  crack  growth  in  a  pressure 
cabin  serves  to  illustrate  the  point  that  it  may  be  necessary  to  make  allowance  for  the  acoustic  loading 
when  establishing  the  fail-safe  characteristics  of  structure  even  though  the  acoustic  loading  is  not 
sufficiently  severe  to  initiate  fatigue  damage  in  its  own  right.  The  same  considerations  may  also  apply 
to  areas  of  structure  other  than  the  pressure  cabin,  e.g.  fin  and  tailplane  structure  which  may  be  designed, 
on  fail-safe  principles,  to  withstand  the  appropriate  gust  and  manoeuvre  load  fatigue  spectra.  However,  it 
should  bo  borne  in  mind  that  it  was  necessary  in  carrying  out  the  foregoing  predictions  to  introduce  a 
number  of  simplifying  assumptions  in  the  analysis.  There  is  clearly  a  need  for  experimental  work  to 
substantiate  the  findings’.  Experimental  research  programmes  currently  in  progress  in  the  UK  at  the 
University  of  Southampton  and  at  the  British  Aircraft  Corporation,  Filton  will  yield  results  of  direct 
interest  in  relation  to  this  potential  problem,  The  former  investigation  is  concerned  with  the  prediction 
and  study  of  crack  growth  adjacent  to  a  stiffener  in  a  panel  (as  in  Fig. 6),  under  acoustic  loading  -  the 
latter  is  concerned  with  crack  growth  in  integrally  machined  skin-stiffener  structures  under  acoustic 
loading  and  with  the  capability  of  applying  in-plane  loadings  to  represent  cabin  pressurisation  stresses. 


5  CONCLUDING  OBSERVATIONS 


Consideration  has  been  given  in  this  paper  to  the  probable  effects  of  change  in  mean  stress,  and  to 
the  effects  of  change  in  bandwidth  of  the  stress  spectrum,  on  the  fatiguo  performance  of  structural 
elements  which  are  used  to  provide  basic  data  for  uoc  in  design  against  acoustic  fatigue.  No  directly 
applicable  information  obtained  on  such  elements  appears  to  bo  available  and,  accordingly,  some  guidance 
has  been  sought  from  relevant  data  obtained  on  other  types  of  fatigue  tost  specimens.  Ponding  the 
acquisition  of  directly  applicable  data  on  acoustic  fatigue  test  specimens  the  following  tentative  guide¬ 
lines  are  put  forward  for  use  when  following  current  design  practico:- 

(i)  Corrections  for  effect  of  moan  stress  on  fatigue  endurance  may  be  undertaken  using  existing  methods 
developed  for  application  to  constant  amplitude  fatigue  data. 

(ii)  The  effd  t  of  increasing  bandwidth,  or  changing  from  uni-modal  to  bi-modal  stress  spoctru,  is  such 
that  the  fatigue  endurance  for  the  same  overall  rms  level  may  bo  halved. 

Some  aspects  of  crack  propagation  under  acoustic  loading  havo  also  been  considered.  It  has  been 
argued  taat  design  against  acoustic  fatigue  is  more  amenablo  to  safe-life,  rather  than  a  fail-Bafo  appioach. 
In  furthor  discussion  of  crack  propagation,  predictions  are  put  forward  which  show  that  it  may  be 
necessary  to  make  allowance  for  the  acoustic  loading  actions  when  establishing  the  fail-safe  characteristics 
of  a  structure  with  respect  to  other,  major,  loading  actions. 


Finally,  there  is  a  clear  need  for  experimental  research  and  data  acquisition  programmes  to  provide 
evidence  to  confirm  or  modify  the  foregoing  tentative  conclusions. 


Table  1 

MEASURED  CHEMICAL  COMPOSITION  AND  TENSILE  PROPERTIES  OF 
DTD  5014  ALUMINIUM  ALLOY 

CHEMICAL  COMPOSITION  (per  cent) 


Cu 

Mg 

Si 

Fe 

Mn 

Zn 

Ni 

Ti 

2.26 

1.38 

0.25 

1.06 

0.06 

0.02 

1.02 

0.06 

Balance  aluminium 
Average  tensile  properties 

UTS  404  MN/ra2  (58.5  ksi) 
0.12  proof  350  MN/m2  (50.8  ksi) 
Elongation  13% 
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Fig. I  Typical  structural  elements  used  in  acoustic  fatigue  tests 
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H9.4  Effect  of  Nc/Np  on  fatigue  endurance 


Fig. 6  Fusefoge  pant J  showing  crock  running  close  to  stringer  edge  (Ref  12) 
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When  asked  about  the  use  ot  conventional  stiffened  skin-s  r.ringer  titanium  structure  for  intakes, 
Mr.  Holehouse  replied  that  such  structure  was  heavier  and  had  a  shorter  life  than  titanium  honey¬ 
comb  construction.  He  added,  however,  that  honeycomb  structure  could  not  be  regarded  as  a  fail¬ 
safe  design  because,  once  initiated,  failures  propagate  very  rapidly.  Occasionally  an  edge 
failure  would  be  slow  to  propagate  but  generally  it  propagated  much  quicker  than  a  corresponding 
failure  in  skin-stringer  construction.  Titus  honeycomb  structure  must  be  designed  for  safe  life. 

The  quality  of  the  bond  has  a  big  effect  on  the  life  and  therefore  it  is  essential  to  have  good 
quality  control  of  the  bond  process.  Marginal  changes  in  bond  strength  may  give  only  marginal 
changes  in  mechanical  strength  but  marked  changes  in  sonic  fatigue  life.  Acoustic  emission 
techniques  are  being  used  to  assess  bond  quality.  The  results  to  date  are  vc i,  encouraging.  In 
the  test  results  shown  in  the  paper  only  one  edge  connection  design  had  been  used.  Tins  was  in 
order  to  reduce  the  number  of  variables  in  the  test  programme.  In  actual  structures  the  edge 
designs  would  vary. 


Mr.  Calcagnini,  who  presented  Mr.  Seltaggi's  paper,  was  asked  it  any  narrow  band  analyses  of 
the  strain  gauge  result's  had  been  made.  He  replied  that  this  had  not  yet  been  done  as  their 
main  interest  had  been  in  the  fatigue  life.  Neither  had  there  been  any  study  of  the  change  in 

strain  response  as  the  structure  heated  up.  The  true  temperature “time  history  had  not  been  simu¬ 

lated  in  the  tests  therefore  the  flap  deflection  had  been  limited  so  as  to  reduce  the  area  ixposed 
to  the  hot  jet.  The  adhesives  used  in  this  structure  could  withstand  temperatures  of  125°C  for  a 
few  seconds  only.  The  original  purpose  of  the  tescs  had  been  to  get  some  quick  estimates  of 
life  in  order  to  clear  the  nrototvpe  for  flight  test. 


In  the  discussion  on  his  paper,  Mr.  Kirkby  emphasised  the  lack  of  knowledge  on  the  effect  of 
statistical  probability  distribution  on  life.  As  most  random  tests  to  date  had  used  a  narrow 
band  stress  time  history  having  a  Rayleigh  distribution  of  peaks  there  was  a  need  for  more  data 
to  enable  us  to  have  a  better  understanding  of  the  effects  ot  distribution. 


"There  was  some  discussion  of  the  effect  of  superimposed  static  stresses.  Dr.  Nansen1  s  work 
had  been  used  to  make  est> routes  for  combinations  of  acoustic  and  thermal  stresses.  The  static 
stresses  due  to  preloading  in  the  manufacturing  processes  could  be  high.  Mr.  Holehouse  stated 
that  he  measured  the  assembly-induced  stresses  and  then  the  acoustically-induced  stresses.  The 
safe  allowable  acous  '  stress  was  then  modified  to  take  into  account  the  static  stress. 
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The  objective  of  the  work  programs®  being  and®  .“taken  is  to  investigate  the  siren  as  a  teat 
technique  for  tho  determination  of  response  and  lifa  of  aircraft  structures  subject  to  engine  noise  field 
excitation. 

A  flat  panel  specimen  is  to  bo  plaoed  in  the  near  noise  field  of  a  typioal  jet  engine  and  it* 
stroas  response  measured*  The  opeoiaen  will  then  be  plaoed  in  a  siren  and  tho  response  trhioh  was 
measured  in  the  engine  uoi3e  field  reproduced  as  ulosely  as  possible.  The  differences  in  response  will 
bo  assessed  with  regard  to  the  extrapolation  of  measured  siren  fatigue  life  to  service  environments. 
Specimen  responses  in  the  engine  coi3e  field  and  in  the  siren  will  be  compared.  tilth  the  theoretically 
predicted  response,  using  methods  of  varying  complexity. 

At  the  time  of  writing,  the  theoretical  prediction  of  response  is  almost  ooeplete  and  soee 
limited  discrete  9xoitaih.cn  testing  has  been  achiev'd. 


1 .  ITTROrUCTICN 

A  noise  testing  facility  was  constructed  at  Hanker  Siddelay  (Brough,  Yorkshire),  in  1963, 
following  concern  regarding  the  effect  of  acoustic  noise  on  the  Buccaneer  structure,  A  considerable 
amount  of  aooustio  testing  has  been  undertaken  sines  tha  inception  of  the  facility,  mostly  comparing  the 
effects  of  structural  design  changes.  However  it  became  apparent  that  more  fundamental  work  was  required 
in  orter  to  apply  the  results  of  siren  response  and  life  tests  to  the  determination  of  structural  fatigue 
lifa  in  service  acoustic  environments. 

In  1967,  following  disc"ssions  between  representatives  of  the  Society  of  British  Aircraft 
Constructors  a..d  Director  General,  Structural,  Research  (Aircraft)  on  the  subject  of  acoustio  fatigue,  a 
joint  I ndu 3 1 ry/Uir.T e c h  working  party  tros  formed,  tasked  with  reviewin'-  the  situation  generally.  Amongst 
the  rec-oamendationa  of  the  working  party,  it  was  thought  tlsut  further  work  would  be  useful  on  conventional 
forms  of  construction,  and  on  a  correlation  between  structural  response  in  near  field  jet  noise  and  in  a 
al.-en. 

Hanker  Siddeley  Aviation,  Brough,  received  two  contracts  for  specific  work  in  this  area.  Cae 
contract  was  concerned  with  a  study  of  the  siren  as  a  test  technique,  the  other  with  evaluating  the  affects 
on  fatigue  life  of  small  detail  design  changes  to  similar  test  panels, 

2,  OBJECTIVES 

This  paper  reports  on  the  investigation  of  the  siren  as  a  test  technique.  The  objeot  of  the 
work  is  to  gain  more  understanding  of  tha  effects,  on  structural  response,  of  the  differences  between  the 
noise  field  of  «  typioal  jet  engine  and  a  typical  siran  environment.  '  It  is  not  intended  that  this 
particular  work  programs  should  provide  a  complete  answer  to  the  problems  of  translating  siren  fatigue 
tost  results  to  tho  estimation  of  structural  fatigue  life  in  service  conditions,  since  many  factors  art 
involved,  some  of  which  are  our-rently  being  studied  elsewhere.  Amongst  such  faotors  are  the  effects  of 
relating  test  speoiaen  response  to  tbs  response  of  an  integral  part  of  an  aircraft  structure,  the 
identification  of  the  significant  paraaeters  determining  the  rate  of  fatigue  damage,  and  the  offeots  of 
non-linear.ltiss  in  response. 

The  response  of  the  specimen  will  bo  measured  in  the  near  noise  field  of  a  jet  engine.  The  one 
most  readily  available  is  a  Rolls  Royoe  Spey,  but  it  is  hoped  to  repeat  the  tests  in  the  near  noise  field 
of  a  high  by-pass  ratio  engine.  The  response  will  then  be  measured  in  the  siren.  The  exciting  »oie* 

field  will  be  adjusted,  within  the  limitations  of  the  siren,  to  reproduce  the  engine  noise  field  response  aa 
closely  a*  possible.  The  free  vibration  characteristics  of  the  speodaen  will  be  measured  by  carers!  test 
methods,  for  comparison,  and  additionally  the  free  end  feroed  response  will  be  predicted  by  methods  of 
varying  complexity.  The  alas  are  to  produoe  comprehensive,  well  documented  results  from  carefully 
controlled  teste  for  oosipatison  with  predictions. 

At  the  time  of  writing,  it  ho*  not  been  possible  to  start  the  response  tests  in  the  engine  noisv 
field,  and  therefor*  it  is  only  possible  to  mention  the  theoretical  predictions  conpleted  and  compare  them 
with  the  limited  diaorats  frequency  test  results  available.  Tho  test  rig  will  also  be  deaoribed  in  swso 
detail. 


3.  TEST  PROGRAMME 


3.1.  DISCRETE  fEEQUENCT  TESTS 

Natural  frequencies,  soda  shapes,  tad  nodal  damping  are  to  be  determined  by  the  following 

techniques. 

(a)  Mechanical  Exoitatdon 

(i)  Slow  frequency  sweep  using  sinusoidal  excitation. 

(ii)  Rapid  frequency  sweep,  using  method  of  reference 01 

(b)  Discrete  Acoustic  Excitation 

(i)  Using  loudspeakers. 

(ii)  Using  a  siran. 

3.2.  ENGINE  NOISE  TESTS 

The  sj-toiaan  will  be  held  at  grasing  incidence  oiose  to  the  boundary  of  th*  efflux  of  a 
Jet  engine,  downatreaa  of  the  engine,  in  two  positions.  The  outputs  of  strain  gauges  on  the  specimen, 
and  of  two  Microphones  placed  near  the  boundaries  of  the  specimen,  on  a  horisontal  centreline,  one  ahead 
of  end  the  other  do  mu  trail  of  the  speolaen,  will  be  recorded. 

The  harmonic  and  statistical  properties  of  the  signals  will  be  determined  by  narrow  band 

analysis. 

The  specimen  will  be  tested  with  the  stringers  horisontal  and  vertical,  and  at  two  engine 

power  settings. 

3.3.  SIREN  RANDOM  NOISE  TESTS 

The  input  spectrum  of  the  control  signal  to  the  siren  transducer  will  be  shaped  such  that 
a  ohosen  panel  response  measured  in  the  engine  noise  field  will  be  reproduced  as  oloaely  as  possible. 

The  results  will  be  analysed  as  for  the  engine  noise  tests. 

4.  TEST  SPECIMEN  AND  RIGS 

4.1.  TEST  SPECIMEN 

The  test  specimen  is  shown  on  figure  1. 

The  choioe  of  a  specimen  is  often  difficult,  in  this  case  it  was  decided  to  represent  a 
fairly  typioal  pieoe  of  fuselage  side.  The  dimensions  of  panel  width,  length,  skin  and  stringer 
thioknean,  stringer  sise,oto.,v®rs  determined  by  assuming  a  typioal  compressive  end  load  par  inch  width. 

One  of  the  considerations  in  the  oboioe  of  speoiaen  was  that  it  should  be  amenable  to  theoretical  analysis. 
It  is  fabricated  from  aluminium  copper  alloy  and  mushroom  headed  rivets  are  employed  to  avoid  stress 
concentrations  due  to  countersinking,  With  this  type  of  construction  failure  would  nonsally  be  expeoted 
along  the  line  of  akin-stringer  attachment  and  therefor®  a  panel  with  three  by  four  bays  S»o  been  ohossn 
so  that  a  typioal  akin-stringer  attachment  is  in  the  centre  of  the  panel.  Reference  2  suggests  that  the 
number  of  bays  should  be  sufficient  to  assure  that  the  boundary  attaoha  nt  of  the  panel  will  not  influence 
the  stresses  in  the  centre  of  the  panel  significantly. 

Thera  is  bo  shear  attachment  between  the  stringer  wb  and  the  frame  web  sine#  past 
experience  has  shown  that  fatigue  failures  initiate  from  the  rivet  holes  in  the  stringer  web  in  such 
designs.  A  dc  ler  is  provided  around  the  otringsr  cut-out  in  the  frame  to  reduce  bending  stresses  in 
the  fx'ame  flange  bond  radius. 

The  speoisan  has  low  out-of -plane  warping  stiffness  and,  is  therefor*  mounted  in  a  frame, 
whioh  -««y  be  attached  to  test  support  fixtures,  or  the  siren.  The  test  frame  is  deal guod  to  eliminate 
mounting  stresses  iu  the  specimen. 

4.2.  TEST  EOX 

During  tbs  engirt  noise  tecta,  it  is  necessary  that  only  one  side  of  th®  spool  sen  should  b# 
excited.  Accordingly,  thought  was  given  to  Mounting  the  speoiaen  in  a  baffle  or  in  the  side  of  a  box, 
Whila  the  former  is  probably  preferable,  one  large  enough  to  be  effective  appeared  to  be  Impracticable  and 
so  the  Dux,  show  on  figure  2,  was  adopted.  It  fa  constructed  fro®  twelve  s  a  thick  mild  steel  plate 
and  is  limed  with  sound,  absorbent  material. 

Tests  arc  proceeding  to  measure  reverberation  times  of  the  box  snd  to  measure  tha 
attenuation  of  tht  box  with  the  speoiaen  in  position. 


4.3.  sim 


19-3 


The  treaeducer  is  sn  KPT94B,  and  the  ores*  section  of  the  sorting  section  is  1.220  ■  by 
76  s*.  Extensive  tests  have  been  completed  to  aeesuro  the  performance  of  the  siren. 

The  distribution  of  overall  sound  pressure  level*  over  the  sorting  section  aperture  was 
measured,  the  specimen  being  replaced  by  a  rigid  plate.  The  results  at  aaxijsu*  transducer  drive  and  air 
conditions  are  show  on  figure  3* 

Outputs  of  several  microphones  on  the  horisontal  and  vertical  centrelines  have  been 
recorded,  with  the  input  signal  to  th*  transducer  filtered  to  produce  noainally  white  noise.  These 
records  are  being  subjected  to  narrow  band  analysis  in  a  search  for  duct  ret.onanoes  and  other  instances  of 
distortion.  A  typioal  result  is  shown  on  figure  4. 

4.4.  STRAIN  GATORS 

It  is  imperative  that  a  fairly  detailed  pioture  of  specimen  response  should  be  obtained, 
but  a  ooaproaise  has  to  bo  made  between  the  nuaber  of  measurements  one  would  like  and  ths  recording  and 
analysis  facilities  available.  Since  measurements  are  to  bs  made  behind  an  engine,  and  engine  running 
tine  is  costly,  it  was  decided  that  no  more  than  twenty  two  strain  gauge  channels  would  be  reoorded  on 
test.  This  requires  two  runs  per  test  since  eleven  channels  are  available  per  run  on  the  tape  recorder. 

Gauge  positions  are  shown  on  figure  1.  The  object  is  to  measure  the  principal  skin 
atresses  in  the  centre  of  a  bay,  skin  stress  at  the  skin-stringer  and  skin-frame  attachment  lines, 
stringer  longitudinal  stress  at  the  frames  and  aid  oay  between  frames,  and  the  bending  stress  in  the  ft’.-.a 
attached  flange  bend  radii. 

Th  positions  of  maximum  skin  stress  we:-'  _  ..ticked  by  ocating  the  specimen  with  strain 
sensitive  lacquer,  befers  attaohaent  of  the  gauges,  and  exposing  the  speoissen  to  simulated  jet  noise  h. 
the  eiren.  It  was  found  that  high  stress  levels  existed  in  the  skin  at  the  junction  of  the  f-ma»a  vnt 
stringers,  and  two  gauges  at  right  angles  were  attached  at  a  junction  to  monitor  the  stress.  The 
residual  and  injected  electrical  noise  in  the  system  will  be  measured  by  an  additional  gauge  vaunted  on  a 
astal  plate  near  the  apooiman  and  shielded  from  acoustic  noise  input. 

Each  gauge  and  amplifier  are  conneoted  by  a  25  metre  length  of  twin  individually  screened 
oable.  Measurements  indicate  that  the  ays tarn  has  a  signal  to  noise  ratio  of  36  dB  at  6,8y  «5/a2. 

4.5.  RECORDING  AND  ANALYSIS  EQUIPMENT 

Signals  will  be  reoorded  on  an  Aapex  PR  1300  tape  recorder. 

A  Ubiquitous  and  ICL  1904  are  available  for  narrow  band  digital  analysis  and  a  Panoramic 
Sonic  Aaalyier ,  with  real  time  display  if  required,  for  analogue  analysis. 

In  addition  facilities  are  aval labia  for  auto  correlation  and  cross  correlation  of  signals, 

5.  TEST  RESULTS 

The  only  response  tests  completed  to  date  have  used  loudspeakers  as  the  source  of  excitation. 

The  original  purpose  of  these  tests  was  to  obtain  sand  patterns  in  various  modes,  however  the  opporturdty 
was  taken  to  record  esveral  strain  gauge  signals.  The  specimen  was  hung  by  bungee  rubber  cords. 

Plgurs  5  shows  the  variation  of  stringer  stress  level  with  frequency,  measured  during  a  slow 
frequency  sweep,  at  normal  incidence, 

6.  THS0RRTI0AL  RESPONSE  PREDICTIONS 

6.1.  SIMPLE  APPROACHES 

Current  design  practice  is  often  to  assume  that  most  of  the  fatigue  damage  ooours  in  the 
fundamental  aoda  of  response.  Several  papers  have  been  written  on  this  assumption  and  references  (3) , 

(4),  (5),  (6),  were  miewed  and  used  to  obtain  estimates  of  stress.  Some  results  are  given  on  figure  6, 
Tho  method  of  th* 'Engineering  Saleroes  Data  Unit  is  based  predominantly  upon  work  by  Miles  (3)  and 
Claricaon  (4),  end  is  versatile  in  that  allowance  may  be  aide  if  the  panol  is  part  of  *  control  surface 
type  structure,  or  for  etched  skins,  The  method  of  Ballontdne  (5)  is  also  based  upon  Milos  b  it  the  basic 
equations  are  modified  by  the  inclusion  of  empirioal  results.  Areas  (6)  attempts  to  improve  tho  accuracy 
of  Clarkson's  prsdiotiowi  by  altering  the  representation  of  the  boundary  conditions  and  node  shapes, 

6.2.  SATE  GROUP  IKiDRY 

Is  (7),  Dr,  D.J.  Mead  of  the  University  of  Southampton  outlined  a  method  for  calculating 
ths  fres  and  forced  vibration  of  periodic  structures,  typioally  a  beam  on  equi-distant  olastio  supports. 
This  method  has  been  applied  to  prediot  tho  response  of  ths  speoimen,  the  method  being  given  in  detail  in 
(8),  The  aathod,  strictly,  may  only  be  applied  to  a  long  array  of  bsys,  each  of  whioh  is  simply  supported 
at  tho  frame#.  However,  clamped  edge*  at  the  frames  may  be  allowed  for  by  using  Sseohenyi's  (9) 
•equivalent  wave-length1*  between  the  frames.  The  deflected  shape  between  the  frames  is  represented  in  the 
fora  attributed  to  Levy ! - 

ro*-o 
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where }  a  static  deflection  at  the  point  C  >h 

«  arbitrary  functions  of  >1  ,  detemined  by  boundary  condition*. 
m  »  number  of  half  cine  nave*  across  the  plate,  between  the  frajee*. 
b  »  dlstanoe  between  the  frames. 

The  stringers  provide  rotational  and  transverse  restraints  at  their  points  of  attachment  to 
the  sita.  These,  stiffnesses  are  supplied  fro*  the  existing  bean  theory  of  thin  walled  members  of  open 
cross-section. 

She  distributed  transverse  Iced,  q,  and  torque,  r,  are  governed  by  the  expressions  given  by 
Lin  (10)  nodified  for  the  effeot  of  the  acceleration  of  the  stringer:- 


% 


+  /°b 


Aw 


where, 


_  El  '*>  w  4  A.  Xg  iw 

b  OT*  b  ^ 

Youngs  modulus  of  the  stringer. 


t  *  G  ^  X  Vw 


(2) 

(3) 


Jy  *  Moment  of  inertia  of  the  stringer  orot s-seetioa  about  the  7  axis  (through 
centroid). 


Gb 

X 


Shear  modulus  of  ths  stringer. 

St.  Venant  torsion  constant. 
fX  *  Warping  constant  about  the  skin  attachment  point. 

I4  =  polar  moasnt  of  inertia  about  skin  attachment  point. 

*  mass  density  of  stringer. 

A  =  oross-seotional  area  of  stringer. 

The  structure  is  represented  by  the  idealised  structure  shown  on  figure  7.  for  such  a 
periedio  structure,  under  free  vibration  conditions,  the  following  relationships  given  by  Head  (7)  hold :- 


ws  ** 

(displacement) 

-  4(a) 

1  J u  1 

ws  =  e  \>/r 

(slope) 

-  4(b) 

Ht  »  e** 

(bending  moment) 

-  4(c) 

5,  * 

(shear  foroe) 

-4(d) 

chare, /a  is  the  propagation  constant, 

Ths  development  of  equations  oaa  be  found  in  (8)  and  will  not  be  repeated  in  this 

paper.  A  closed  for*  solution  of  the  foroed  vibration  of  an  infinite  panel,  exoited  by  gresing  inoidenoe 
acoustic  pressure  is  given. 


The  power  speotral  density  of  the  displacement  is  given  by  the  expressions 


Sw(-w,k,y^y)  “  Yw  (w.W.x.y)  Yw(o3.k,v,^)  Spwo.k) 

««4  ^  -i,k)ii  "i 

Yw(xo,k,*,v)~  X  {  £  J 

*  w*3_  V  ml  a  ■! 


YLl^k*  vW  X  {  £  c  -  - 

fo  1  "S»(  e.f  to 

is  ths  aeoustio  admittance  funotioa  of  the  displacement  for  the  infinite  panel. 


(5) 

(«) 


In  this  wort,  which  is  concerned  with  the  prediction  of  the  r.ft.8,  stress,  the  acoustic 
admittance  function  of  the  curvature  at  a  point is  the  iaporttot  parameter.  Tide  i*  given  by:- 


mulO  h*  4- 


YwX,«.y).j.Si,r.l,  .J-' 

where,  11  denotes  different! eti on  twioe  with  respect  to  *  . 
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Tha  mean  square  of  the  curvature  <  w  T  1*  given  by:- 


<  w  > 

*  /}  Yw(iii)/  Sp(-w)<Juj 

-  («) 

- 

-  m 

The  r.n.B. 

stress  in  the  x  -direction  at  a  point  (*,y)  in  the  panel  is  given  by-- 

of  0*>y) 

-  iKfiVV 

+  lA?w 

Sy*  J 

-  (9) 

where  <f  (x,y)  «  r.i.i.  styeae  at  point  tx,y)  in  pan*!. 

u  flexural  a tiff** cs  «  £  h^/ixC  |  -  A1) 

■  panel  thickness, 

»  curvature  in  x  -direction. 

*  curvature  in  y  -direofcio&- 

■  Poissons'  ratio. 

This  expression  haa  been  applied  to  estimate  the  stress  at  the  bay  edge,  and  the  result  is 
shoes  in  figure  8.  The  apeotruo  level  of  the  excitation  has  been  taken  at  127.6  dB  over  the  frequency 
range  from  100  -  1.000  Ha  ao  that  ooaparlaoa  can  be  aide  with  the  calculated  tingle  node  response, 
assuming  band  limited  ehdte  noise  ever  that  frequency  range,  A  lose  factor  of  0.034  has  been  assumed. 

6.3.  MODAL  ANALYSIS 


With  the  norual  node  procedure,  it  is  possible  to  analyse  a  finite  row  of  bays,  whereas  the 


Mercer  and  Scavey't  tranifo: 

mode  shapes  of 

a  finite,  fc 

along  its  long 

sides  and  oil 

given  An  (12), 

and  will  not 

^oUowiBg  th' 

point  ,  /  f 

in  tha  pan*l 

«0  CO 


w£*.v.t)  »  £  iC  <>  4-«  ( w  v") 


-  do; 


where,  th«(w,e)th  norasl  node 


(-t)  is  the(m,«)th  generalised  co-ordinate. 


lhan  the  structure  under  con  alteration  is  a  panel  e  imply  supported  at  its  long  edges 

'  '  -  (11) 


where,  An(x)are  arbitrary  functions  of 

b  is  tbs  distance  between  tbo  long  sides  (frames) 


Assuming  that  lie  response  oeouru  predominantly  in  the  nodes  which  exhibit  one  half-aine- 
ea?e  between  the  fresae,  equation  10  can  be  written 

4- 

w(x,y,t)  *  £  1,n^)  fn  C*.j5 


where  the  suffix  **» 


as  been  suppressed  for  s&wplioity  of  nctetioa. 

As  before  §J»,k,X>y)  a  Yw  (*>,k,X„y)  Vj  (w.lc.v.y)  S*(**,k) 
Aaauisdjug  that  there  is  nc  Ate  number  variation 
c  /  \_  v  /.  \  v,*  (  vr  /  \ 

0'wt'*»vt,2f)a  > w  v  / ■  ■ tv  (,w,x,y}.5s£  (•«■*>,/ 


-  (12) 

-  (13) 

-  (14) 


Using  the  modal  expression  for  )  the  response  of  the  syste*  is  reduced  to  the 

response  of  a  number  of  single  degreeuof-frwedca  system*. 


tisa  acoustic:  admittance  .function  can  be  written  ah 

41  i.  . 


Yw  w  <•*»))  J 

1»e 


x  Mid <■ »  *  M  2"  .  _  -’¥!• 


f*  »•)  pk Kn(*)<ix 


-  d5) 


Slnae  we  are  irtesweted  in  IheT.a.s,  stress  at  a  point  {w,yj  in  tbs  pa&el,  tbs  wean  squire 
f  the  bending-  acaent  A*.  tft*  parawiter  required  from  the  analyeis. 


Tuld  ,1*£  giVtSia  byt* 


/  V- 


.  >,*  7  »  /-**/«)  .  -  d6) 

■- «®  .«>  ' 

•her*  !Wx(w)  is  tic  acoustic  adaittar.ee  fuaofcj m?  for  tba .beading'  ssomsat  nad  i*  obtained  by 
Hf  fared  dating  Y  V^^***)  twice  vith  .respect  to  X  ,  sod  addicts  differentiated  bwio 


twice  with  reepeot 
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Knowing  tha  mu  squire  of  the  bending  moaent  the  r.a.s.  a  trees  is:* 

«>4.  iS^>i 


-  (17) 


where  <<?■*>  it  the  Beta  square  of  stress  in  the  x  -direotion. 
h  is  panel  thioknesa. 

<i  is  noon  square  of  bending  noaant  in  the  x  -direotion. 

These  results  have  been  applied  to  oaloulate  stress  levels  in  the  speoiaen. 

Calculations  of  the  generalised  foroe  and  aass  for  the  first  two  modss  indicated  that  their 
contribution  to  the  r.n.s.  stress  in  the  panel  oould  he  negleoted.  Therefore,  only  nodes  3  and  4  were 
considered,  node  4  doninating  the  response. 

Figure  9  illustratee  a  typioal  plot  of  the  power  spectral  density  of  the  skin  stress  at  the 
centre  of  the  first  stringer. 

6.4.  WHITS  SUM3HT  METHOD 

The  finite  four  by  three  bay  array  will  be  analysed  using  a  finite  elewsnt  uethod  developed 
at  the  Institute  of  Sound  and  Vibration,  Southeaptoa,  by  Dr.  M.  Petyt.  At  the  time  of  writing  the  free 
vibration  response  is  being  oaloulated,  it  is  hoped  that  the  programme  for  the  forced  vibration  response 
will  be  developed  at  I.S.V.&.  before  the  ooapleticn  of  the  oontraot, 

7.  CONCLUDING  REHAMS 

The  teat  pro groans  hss  suffered  serious  delays  and  few  meaningful  teat  results  are  available  at 
the  present  tine. 

The  loudspeaker  teats  at  noraal  incidence  have  indicated  a  mode  at  169  Hs,  corresponding  to  all 
stringers  bonding.  This  oonparee  well  with  the  predicted  value  of  172  Hs  using  the  K.S.D.U.  Data  Sheets 
(olanped  edges). 

The  siren  performance  teats  have  shown  that  overall  sound  pressure  levels  over  the  spooiaen  are 
satisfactorily  constant. 

During  the  disorete  frequency  loudspeaker  teste,  the  damping  of  the  structure  was  found  to  be 
between  1  and  2  per  oent.  A  value  of  1.7  wee  taken  in  the  theoretical  work. 

It  is  espeoted  that  west  of  the  test  programs*  will  b*  completed  before  presentation  of  the 
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FIG. 6  RESULTS  OF  VARIOUS  THEORETICAL  METHODS 
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FIG.7  STRUCTURAL  IDEALIZATION 


THEORY  ASSUMES  THAT  FRAMES  ACT  AS  SIMPLE  SUPPORTS 


150  160  {70 
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APPENDIX 


1.  INTRODUCTION 

In  the  period  between  writing  and  presenting  the  paper,  additional  work  was  completed  on  the  theoretical 
prediction  of  panel  response,  and  on  its  measurement  in  the  noise  field  of  a  jet  engine  exhaust.  Some  of  this 
material  was  presented  jt  the  Symposium  and  is  repeated  in  this  appendix 


2.  THEORETICAL  RESPONSE  PREDICTIONS 
2.1  Finite  Element  Method 

The  free  vibration  resp  mse  has  been  predicted  In  the  first  nalvsis.  each  oi  the  twelve  bays  or  sub-panels  was 
divided  into  a  3  x  .?  array  of  octangular  plate  elements.  At  each  nude  the  displacement  vv  and  its  derivatives  , 
w,  .  .  wets-;  taken  as  degrees  of  heedoin  The  stit'eners  were  represented  by  open  section  bcum  elements  with 

two  node  pomts.  one  at  cash  end  The  degrees  of  t'reeds'm  at  each  node  were  taken  to  be  t'/io. displacement  w  , 
the  dope  S  .  slid  then  tirst  derivatives  .  t\  Each  frame  was  represented  by  twelve  chfWicntv  and /each  siringer 
by  nine  elements  the  external  bcmndaties  d  the  panel  were  taken  to  be  hilly  damped.  '  The  natural  frequencies 
obtained  are  given  in  Figure  At.  Sure  she  uttlfeners  divide  the  panel  into  twelve  sub-panels  the'  ricquetKiex  occur 
in  groups  or  twelve,  ami  only  the  fed  twv  groups  arc  presented  The  mode  shapes  obtained  r.mlrcatc  that  tin4 
coupling  across  the  (tames  us  negligible  In  the  table,  modes  denoted  by  an  asterisk  uivoiVc  motion  in  the  middle 
array  of  sub-paiveh  only  The  other  tuodei  involve  niotnur  m  one  of  the  outside  arrays  only 

The  middle  array  only  was  then  analysed  assuming  the  bourulane-s  to  be  fully  daitiped  I  t-yh  sub-panel  was 
fr.'M'fsented  by  i  4*4  array  of  rcvUttgidaf  elements.  am!  each  stringer  by  tour  open  section  bgsm  elements  She 
frequencies  outlined  are  given  in  Figure  A2  The  mode  shapes  for  the  modes  with  one  half  one  wave  between 
frame*  are  shown  «n  Figure  A 5  • 

The  analysis  indicates!  (hat  cash  Array  of  sub-panels  between  twv  frames  vibrates  ifuLcpcndenth  #>f  the  neigh- 
berunng  arrays,  and  the  frame.  act  as  clamped  supports  Howver.  bev.au.-  there  at?  a  b.s.-se  mini  her  of  clove  natural 
frequencies  several  modes  will  appear  to  respond  vins-utafrccvsisly  giving  five  miprcsvon  (Hit  there  :v  vtpmg  coupling 
acesssa  the  frames  It  should  be  noted  that  the  effect  of  the  finite  smith  s*‘  frames  and  stringers  has  not  beer's 
conuder  ex! 


12  Transfer  Matrix  Method 

In  addition  to  the  .  "thud  •;'?  f-Mic  rrr.. e  1  1  a  method  oi  nstM'-al  mode  prediction  due  to  VSiurxk  af'-si  Wjiharns 
Has  been  employed  tWiiiumv  i  Vi  i  ompuiatum  of  natu.-a!  frrqsrmoev  .m  l  initial  hitvkhixg  *tfs*Mcs  of  prismatic  plate 
jcsvemNips  }  So.-.irul  Vify  Vrskjme  .  !  I '4*2  p?  *'*•10?'.'  Th».  use*  an  e.\*.t  tnei4.-.sl  --{  aualsviv  t  1  the  nriufa! 
ffcquer.i-es  of  a  structure  v-.siv  -<t:sg  of  a  set  t!  n  It,  t.inguu;  flat  p-iates  of  uniform  thickness  nsh  a  -  rigs  ,T  v 
connected  together  .lions  thro  longs tudina!  r-*«c»  The  pane!  »  assumed  :  ;  v'~;'!y  vupp  i  the  ris-nrs 

The  frequencies  obtain rd  pc  pita  cm  Figure  A -4 

i  FXntxtMFN'TAL  RESULTS 
.4.1  Lhserele  Frequency  Mes*ur«nents 

Initially  the  pa'  T  vac  subjected  lo  xrrtustndal  is  ousts,;  excitation.  ewerpuag  shut?*  through  a  fiespJttKS  i .;  -igc 
;r>:>m  i  50  Hr.  to  500  He  to  obtain  'tv  natural  frequen-ceev  This  was  dt'-tre  with  the  direct  ion  of  sound  props  gauen 
psralie;  and  normal  to  the  stringers  The  resuttc  jtc  shown  on  Figure  A  4 


3.2  Engine  Noise  Test* 

The  reqxmw  -»{  the  pone!  has  been  measured  st  sever*)  positions,  and  at  two  er.gj.nc  power  sr  ,n\gs.  in  the 
noise  field  of  a  jet  f'one  exhaust,  both  m  the  side  of  the  test  bos  shown  m  Figure  2.  and  in  j  s'mp’e  frame  The 
freq'sency  binds,  in  which  peaks  m  the  skrn  response  oc-.iu.-rd  ate  shown  in  Figure  A4.  Ihose  'or  the  pare!  m 


the  simnle  frame  are  shown  shaded  across  the  table  so  that  a  comparison  with  predicted  values  can  be  made. 

Values  of  frequency  are  spotted  on  s  vertical  logarithmic  scale  in  the  table.  During  these  tests  rhe  panel  was  placed 
about  six  feet  from  the  estimated  edge  of  the  exhaust  jet,  in  a  vertical  plane  parallel  to  the  jei  axis  with  stringers 
horizontal. 

9 

Initial  discrete  frequency  tests  indicated  the  need  to  reduce  the  reverberation  time  of  the  box  end' to  this  em! 
a  300  mm  thickness  of  \Stiilii< '  sound  abso-'  ■  material  was  attached  to  the  rear  v  it  cf  the  cavity.  In  this  cor-. 
figuration,  the  overall  sound  pressure  level  measured  by  a  microphone  inside  the  box  during  engine  noise  tests  at 
maximum  r.p.m.  was  found  to  be  approximately  ISdB  lower  than  that  measured  by  an  external  miccopb -ns  at  the 
trailing  edge  of  the  panel. 

Results  indicate  that  the  box  has  a  significant  effect  upon  panel  resp  >r.se.  Figure  AS  gives  a  comparison  of 
predicted  and  .  assured  overall  stress  levels,  the  former  assuming  the  measured  noise  spectrum  to  be  acting  on  one 
side  of  the  specimen.  Position  1  is  ten.  jet  pipe  orifice  diameters  downstream  of  the  orifice,  and  positions  2  and  3 
are  twenty  and  thirty  diameters  respectively.  Measured  overall  sound  pressure  levels  and  the  band  level  in  the  one 
third  or  lave  centred  on  160  Hz  are  also  given.  Overall  levels  of  stress  and  sound  pressure  level  are  for  0-IGKHz. 


Figure  A6  shows  the  power  spectral  densities  of  a  typical  skin  stress,  measured  during  excitation  under  identical 
conditions  with  and  without  the  test  box.  The  stress  is  the  direct  skin  stress,  at  the  bay  edge  midway  between 
frames,  measured  by  gauge  SR?  (see  Figure  1).  The  power  spectral  densities  of  the  direct  skin  gauges  analysed  to  ' 
date  are  similar. 

The  reason  for  constructing  the  test  box  was  to  provide  a  means  of  reducing  the  overall  level  of  excitation,  on 
the  rear  face  of  the  specimen  during  engine  noise  tests  to  the  level  which  it  would  experience  in  the  subsequent 
siren  tests.  In  view  of  the  aroarent  effect  of  the  box  cavity  upon  the  panel  response,  further  testing  in' the  siren  and 
in  engine  noise  fields,  under  this  contract,  will  probably  ••>.*  carried  oui  with  the  panel  in  a  simple  frame.  If  is  hoped 
to  be  able,  to  study  the  implications  of  cavity  effects  upon  the  design  of  skm  panels  forming  a  side  oi  ..  cavity  in 
the  near  future. 


4.  REMAINING  WORK  PROGRAMME 

Before  it  is  attempted  to  reproduce  the  engine  noise  field  response  in  the  siren,  the  acoustic  radiation  damping 
of  the  panel  in  the  siren  will  b:  measured,  and  a  search  made  for  the  presence  of  duct  resonances.  Finite  element 
theory  will  be  used  to  predict  specimen  response.  Jt  is  felt  that  the  data  gathered  and  experience  gained  will  lead 
to  a  greater  understanding  of  the  uses  and  limitations  of  siren  testing  techniques. 
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FIGURE  A]  -  NATURAL  FREQUENCIES  (Hz)  OF  THE  COMPLETE  PANEL 
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FIGURF  A5  -  PREDICTED  AND  MEASURED  OVERALL  STRESS  LEVELS 
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SONIC  FATIGUE  RESISTANCE  OF  LIGHTWEIGHT 
AIRCRAFT  STRUCTURES 

by 

R.  C.  W.  van  cat  Heyde 
and 

A.  W.  Kolb 

Aic  Force  Flight  Dynamics  Laboratory  (FYA) 
Wrlght-Fatterson  Air  Force  Base.  Ohio  45433 
U.S.A. 


SUMMARY  . 

This  paper  presents  results  from  an  experimental  program  under  which  the  response  and  sonic 
fatigue  resistance  of  lightweight  aircraft  structures  were  investigated.  The  program  involved  a  series  of 
aluminum-alloy  panels  of  bonded-beaded  and  skin-stringer  design.  A  total  of  60  bonded-beaded  and  60  skin- 
stringer  type  test  specimens  was  investigat'd.  The  panels  were  tested  in  groups  of  5  or  10  at  4  different 
overall  sound-pressure  levels  to  obtain  test  results  with  a  high  level  of  confidence.  The  data  reported 
include  mode  shapes,  panel,  damping  ratios,  linearity  of  response,  fatigue  life,  and  failure  location.  Tor 
some  panel  configurations,  data  to  above  108  cycles  were  obtained.  The  test  facility,  tost  fixture,  noiae 
source,  testing  technique,  and  instrumentation  used,  are  described  along  with  the  teat  results.  Fatigue 
failure  detection  techniques  are  discussed.  The  test  results  aro  compared  with  streaa  predictions  from 
various  aval! able  methods. 


USI  OF  SYMBOLS 

A  »  Assurance 

b  “  Young's  Hoduius 

f  -  Frequency  at  Resonance 

K£  «  Ratio  of  Measured  to  Estimated  Stress 

KL  «  Ratio  of  Measured  Life  to  Estimated  fife 

N  «  Humber  of  Specimens  in  Sample 

R  «  Correlation  Factor  Between  c  and  t 
x>  k  y 

R  “Specified  Frepbrii^a'  ,  • 

4  *  Damping  Ratio 

Af  «  Bandwidth  •;  '■  a 

The  following  symbol#  pie  used  for  rosette  strain  gage  .4  as  a; 

.*»  »  Measured  Static  Strain  in  0*  Sirection 

(■3  »  Measured  Static- Strain  in  90*  Direction  •  '• 

.  fj  •  *  Measured  Static  Strain  in  45*  Direction  V  " 

*>. Measured' Dynamic  RMS  Strain  in  0*  'Direct ion  n)'  Strain  Csg«a 
t",  .  Ifeaaurad  Dynamic  SMS  Strain  in  90*  Direction  of  Strain  Gdge  - 

2"j  .  •'»  Measured  Dynamic  RMS  Strain  in  45*  Direction  of  Strain  Gage  • 

n  «  Maxissum  Drin.cipel  Static  -Stress  Ibs/Jh2 

tt  x  ..  -  . 

5L  “  Msxiaias  Principal  RMS  Dynamic  Stress  ibs/iav 

p  .>  Poiseo»:*()  Ratifl  ...  \ 

IKffRoDUCTlud  .  .  . 

The  sonic  f«tigue  failures  which  occurred  on  aircraft  in  the  l.-r»  195$  tlsse  period  required  the 
--ievelopnent  of  techniques  to  deal  with  the  problem  on  a  broad  basis.  Wusasroua  investigation*  were  Initiated 
to  study  the  ae-chaniss*  which  cause  sonic-'  fatigue  and  ways  to  obtain  practical  eolvctonc  to  prevent  sonic 
fatigue  foilur-as.  Design  criteria  for  many  types  of  structure#  vet*  developed  under  U.S.  Air  Force  spon- 
eorahlp  and  by  Industry.  Some  of  tha  taott  important  advances  *r«  listed  in  Referent;-:*  end  2.  These 
efforts  led  to  sonic,  fatigue  design  criteria  and  dasigp  ch&rt*  which  ere  widely  used  during  the  design  of. 
aircraft.  In  general,  this  itifomulon  enables  the  designer  to  select  structural  deulgn  Wre»«f»re  which 
rosy  It  in  conservative  lightweight  structure*  capable  of  withstanding  the  noise  levels  generated- by  the 
powerful  jet  engines  presently  in. operation-  Th«  developtw-nt  of  new  structural  concepts .and  tsatstial* 
requires  cent lnimw  updating,  of  sonic  fstlgua  design  tnf  creation.  At  the.  •*«**  time,  existing  deeigsi  d*t* 
require  further  re  fineness  and  verification.  Tho  effort  described  in  this  prnet  (alls  pt-inarily  la  the 
lattr-v  category. 
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The  testa  described  differ  from  the  majority  of  tests  conducted  to  establish  sonic  fatigue  design 
information  in  two  vr.ys ;  first,  s  large  test  specimen  sample  sire  was  used,  and  second,  the  duration  of 
the  testing  was  long.  While  most  acoustic  test  facilities  accommodate  only  one  or  two  specimens  at  a  time 
the  arrangement  selected  for  these  tests  allowed  5  to  ln  panels  to  be  tested  simultaneously.  This  was 
accomplished  by  a  multiple  test  panel  installation  in  a  ^arge  fixture  and  selecting  normal  incidence  acous¬ 
tic  loading  for  the  test  program.  This  procedure  made  it  possible  to  teat  some  of  the  120  specimens  up  to 
200  hours  which  is  in  excess  of  10®  cycles  for  these  panels. 

The  opecimena  reported  on  can  be  classified  in  two  groups.  The  first  group,  bonded-beaded  Types 
l,  II  and  III  and  shin-stringer  Type  I  consisted  of  a  design  with  a  weight  per  area  of  1  lb/ft®  and  overall 
dimensions  of  24  X  30  inches.  The  second  group  of  specimens,  skin-stringer  Type  II,  featured  a  thin  chem- 
aiUed  skin  with  « 'stiff  supporting  structure,  a  weight  per  area  of  3.65  lbs/fc2  and  overall  dimensions  of 
10.5  S  24  inches.  This  design  was  used  to  develop  statistical  information  for  siting  of  sonic  fatigue  test 
samples  (Refereuce  3).  While  the  latter  type  of  panel  design  is  not  necessarily  typical  of  an  aircraft 
structure  the  test  data  were  included  since  they  contribute  to  the  knowledge  of  sonic  fatigue  behavior  of 
heavily  reinforced  chea-milled  panels  and  allow  for  an  additional  comparison  with  prediction  methods. 

The  qualitative  and  quantitative  information  presented  in  this  paper  can  be  used  as  design  guide¬ 
lines  and  backup  information  for  structures  with  similar  characteristics. 

DESCRIPTION  OF  THE  TEST  SPECIMENS 

Table  X  presents  a  summary  of  the  panels  tested  and  their  essential  dimensions  in  inches.  All 
specimens  were  manufactured  from  standard  aircraft  materials;  their  designation  and  corresponding  equiva¬ 
lents  used  in  NATO  countries  tabulated  in  Table  II.  The  bonded-beaded  panels  Types  I,  II  and  III  and 
the  skin-stringer  panels  Yypa  .  1  the  saw;  overall  dimensions  and  weight  and  were  constructed  of  7075  T-6 

aluainua  slioy.  The  skin-stringer  panels  Type  IX  were  of  different  weight  and  dimensions  and  were  con¬ 
structed  of  2024  T-3  aluralwja  alloy.  For  the  bonded-beaded  panels  (Figure  1  and  Figure  2)  only  limited 
sonic  fatigue  daaigw  information  was  available.  Therefore,  three  designs  were  tested.  These  designs 
included  ■.  triationa  in  bead  length,  bead  orientation  and  bend-skin  thickness.  Consequently  the  results 
froa  the  three  designs  indicate  the  effect  of  chose  parameters  on  the  response  and  fatigue  life  of  the  panel. 

TABU  I 


CONFIGURATIONS  OF  THE  TEST  SPECIMENS 


STRUCTintAl. 

SPECIMEN 

ALUMINUM 

PANEL  SKIN 

BEAD  SKIN 

BEAD 

BEAD 

BEAD 

NR 

NR 

FIG 

panel  miss. 

BONDED- BLADED 

SIZE 

INCH 

ALLAY 

THICKNESS 

INCH 

THICKNESS 

INCH 

HEIGHT 

INCH 

WIDTH 

INCH 

LENGTH 

INCH 

BEADS 

SPEC 

NR 

WE  l 

24 -X  30 

7075  T-6' 

.032 

.  .032 

.SO 

3.5 

21.0 

6 

20 

1 

WE  II 

26  X  30 

7075  T-6 

.020 

.045 

.80 

3.3 

21.0 

6 

20 

1 

Tm  in 

x  io 

7075  T-6 

.032 

.032 

.60 

3.3 

27.0 

5 

20 

2 

sktu-strinc® 

StAih’OSR.. 
VLB  THICmSS 
INCH 

. y .kl.vuSH  - 
HEIGHT 
INCH 

...MUSA 

STRfSCESS 

TYPE  I 

24  X  30 

7075  T-6 

.032 

.040 

4.00 

2 

:  30 

3 

type  n  . 

24  X  10.5 

1024T-J 

.023 

.75 

.75 

4 

40 

4 

TABU  11  WBICNATION  W.5.  AND  S1MIWX  FOREIGN  AOO n* 

S.S.A. 

AA 

Canada 

CSA 

France  Cartway 

DSN  ‘ 
Wer.Vatof  f-Nr 

Creat-Britain 
8.5  DTO 

Italy 

ISO 

2024 

2G0S 

A-iyiU  AUnMgCu'.S 
3.4J65 

i.,96 

1,96 

AUn6Mg-< 

707S 

CCA2 

a  u  «  ...  .u 

A-UiCl  AlCuMgS 
3,1335 

1.97  5090 

1.98 

r-Aicu 

4 . 3 
-XsHn 

AifouHgl 

15  kef.  ’Aiuatsv®  Standards  and  Pats*,,  second  edition.  Sec  1967 
published  by  Aluoinwm  Aeaociatlv.t, 


Tilts  skin-stringer  pah* l*  type  1  -(Figure  1)  war*  of  a  convent i  final  design  frequently  y sad  Sti  »Jt* 
craft  esamuctlea.  it  aheuld  b«  noted,  hevaver,  tbit  no  sealing  or  sntifnMttttg  compound*  wwwt  used  la 
the  rivet  Joints  sad  therefore  *a  *lUva»e«  for  this  fact  should  b*  «sd*  its  the  eoepatUbn  of  tbs?  te*t 
result*  with  pameU-  constructed  with  chase  compound*. 

n;;wr*  4  shove  the  eklti^stringer  panel*  Type  l;.  In  the  coast  met  ion  of  these  psnsl*  s  eh*-~ 
siUiat  ptoceae  was  used  to  obtain  tbs  suiter  Sal  thickness  variations  incorporated  in  the  design.  Thai  rcin- 
forciti-j  struct ure  wa*  riveted  to  the  tkia  material  ifl  Sik  A- A  $M$uir<r  .  Ko  or 

fretting  tcepouiids  war*  used  in-  joining  the  skin  to  the  support  •trwct'.ire.  a*  akin-stringer  panels  Type 
II  had  slots  of  .1-7  inches  cu*  into  each  side,  «.-•  the  center  b*y.  Prellalnacy  testa  indicated  that  these 
airea*  concent  rat  tens  ware  necessary  to  fall  the  panels  with  the  svallsblo  noise  sources.  The  teat,  greejp 
aisa  was  choee-  according  in  tie  sumUc&l  t hectics  developed  in  References  J  and  4..  ia  theae  references 
it  la  ahown  that  the  requineoaots  for  scat  lit  leal  confidence  may  be  stated  set 
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FIGURE  4.  SKIN-STRINGER  PANEL 
TYPE  II 


TEST  FACILITY  AND  INSTRUMENTATION 


The  test  program  was  conducted  In  the  Wide  Band  Noiae  Test  Chamber  of  the  AFFDI  Sonic  Fatigue 
Facility  which  contains  a  reverberant  chamber  with  a  floor  area  of  231  ft2  and  a  volume  of  approximately 
2500  ft  (Figure  5) .  T  >  high  intensity  noise  sources  wore  used,  an  air-eodulatlng-valve-type  sound-gener¬ 
ator  delivering  sound-pressure  levels  up  tn  a  maximum  of  lo5  de  overall,  and  a  random  noise  siren  which 
produces  a  maximum  SPL  of  .'50  dh,  with  a  broader  sound  spectrum. 


ft  GOSS  5.  rihJR  PLAN  OF  TUE  VU'S 
W£D  ACOUSTIC  FAtTCfiE 
FATt«;K  Facility  wm 
ths  rest  nxrws 


The  test  ppasl*  were  rigidly  wewttgd  *«  the  frsmi  of  an  enclosed  steel,  fixture  (Figure  6).  this 
text  fixture  c.-htaiswd  Sound  absorbing  material. to  prevent  standing  wave*.  Actesx  to  the  rear  of  the  spec 
itsens  was  provided  'ey  removable  covers.  Sy  proper  posUlcnlni  of  the  fixture,  the  overall  socstd  isressur* 
level  over  the  rest  speciswr,?  vae  vishin  i  1  11, 


Ft SCSI  6.  TIiST  FIXTURE 


The  noise  levels  vere  measured  with  high  intensity  microphones  located  4  inches  in  front  of  each 
test  specimen.  The  strain  was  measured  with  rosette  r train  gagas  and  single  element  gages  (Figure  7).,  The 
output  from  all  transducers  was  recorded  on  magnetic  tape. 
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FIGURE  7.  STRAIN  GAGE  LOCATIONS 


Figure  8  shows  a  block  diagram  of  thf>  data  collection  and  monitoring  system.  The  microphones  and 
strain  gagas  were  monitored  before  and  after  recording  on  tape  by  aeons  of  an  oscilloscope  and/or  octave* 
band  level  recorder. 
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FIGURE  9.  DATA  REDUCTION  SYSTEM 
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l’he  noise  produced  by  the  sound-generator  vaa  continuously  monitored  by  an  cctave  band  analyzer 
and  periodic  recordings  were  made  on  a  level  recorder. 


The  data  recordings  were  transferred  to  a;  tape  loop  and  analyzed  with  the  equipment  shown  in 

figure  9.  The  Sapid  Octave  Band  Analyzer  (B&K  P297)  was  used  to  obtain  1/3  and  1/1  octave  band  analyses. 

The  Fourier  Analyzer  (HP  545QA)  was  used  for  time  aeries  analysis  of  the  acoustic  and  strain  signals. 

TEST  AND  DATA  ANALYSIS  PROCEDURE 

Groups  of  five  identical  panels  were  tested  in  the  acoustic  chamber  with  the  exception  of  the 

skin-stringer  panels  Type  II  which  were  tested  in  groups  of  10.  One  panel  of  each  type  was  mounted  hori¬ 

zontally  .n  a  special  rig  and  excited  by  loudspeaker  for  low  level  response  tests  to  determine  mode  shapes 
and  natural  frequencies.  The  mode  shapes  were  made  visible  by  covering  the  panel  surface  lightly  with 
ssnd.  The  modal  patterns  at  the  resonant  frequencies  were  sketched  or  photographed.  For  the  akin-stringer 
panels  Type  I ,  however ,  the, mode  shapes  were  determined  with  the  specimen  mounted  in  the  test  fixture 
This  was  accomplished  by  attaching  one  accelerometer  tc  the  specimen  and  surveying  the  panel  with  a  second 
accelerc neter.  The  amplitude  and  phase  angle  of  the  signal  from  the  moving  accelerometer  was  measured 
relative  to  the  stationary  accelerometer. 

For  tha  dynamic  linearity  test  one  panel  was  mounted  at  location  B  of  the  large  test  fixture 
(Figure  6)  and  subjected  to  8  range  of  overall  sound  pressure  levels  from  130  to  157  dB.  After  the  set  of 
5  panels  was  installed,  initial  data  were  obtained  from  all  transducers  at  a  specified  sound  pressure  level 
These  data  were  used  to  determine  all  response  and  damping  information. 

damping  ratios  were  computed  from  the  equation  6  -  6f/2f,  where  f  is  the  frequency  at  reso¬ 
nance,  and  if  the  width  ot  the  resonance  peak  at  the  1/2  power  point.  1 

lmas.tnn  nf\lTU*  fr?in  ?a8e  Waf  Plac?f  on  the  ^cl"8  al'eet  of  the  panel  in  order  to  obtain  an  approx¬ 
imation  of  the  principal  stress.  This  allows  the  determination  of  maximum  stress  since  directionality 

S  Ind  6°)!  “*  aCC°Uat0d  for-  Tha  rms  versi0"  of  ch0  following  stress  equation  was  used  (.References 
E  j«i+c2  ^  l(c1-e2)2+  [  2tj-(tj+e2)}?|  K  jt 


(  1-li 


1+u 


ri  v 


—  + 


l-u 


JL! 

i+p  j 


From  which,  in  terms  of  RfiS,  follows: 

E  ((e^+cj)2  C2  2(4+e7)<r)fr 


2  (  (1-u) 
In  which: 

-2.-7 


--  + 


U+U)’ 


1-h 


(T-  1  +  ^2  -  i»t.2  V*  +  -  «»,,  Vs  -  4«2.)  Vb  +  <V*?3i 


k 


(rvr)2~ c  J-r  2 

R  »  — — x 
*,y  2 1  T 

*  y 


For:  x  -  1,2,3 

>•  *  1.2*3 

x  *  y 


Tile  e»s  values  of  tj,  t3  and  «)  were  recorded  during  the  tests.  These  components  were  added  by 
linear  aespltf lets. 


Spectrum  levels  were  determined  from  1/3  octave  band  analyses,  by  subtracting  10  LosigAf,  from 
the  1/3  octave  band  level  which  contains  the  average  number  of  zero  crossings  per  second  i‘  +' 
width  of  this  1/3  octave  band. 


10  losifl 

.  Af  is  the  band 


The  power  spectral  density  of  the  sound  pressures  and  strains  were  obtained  by  normalising  the 
output  of  a  10  Ha  band  width  filter. 

TABLE  III  TEST  SPECIMEN 
INSPECTION  SCHEDULE 

SON  NO..  tWIfl  OF  TOTAL 

TEST  RUTi  ACCUKtiUTEt) 

URS  i-HtN  TEST  TIME 
HRSjHIN 


1-  k 

0:05 

;  30 

7-12 

0:10 

1:30 

13-18 

OilS 

3:CO 

19-24 

0:30 

6:00 

25-38 

1:00 

20100 

39-78 

2:00 

100:00 

79-EStt) 

4:00 

END 
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The  endurance  teats  were  conducted  with  broad  band  noise  excitation.  The  Inspections  for  fail¬ 
ures  were  made  according  to  the  schedule  of  Table  III.  When  a  crack  was  suspected,  the  area  was  treated 
with  a  special  penetrating  dye  which  made  surface  cracks  visible.  Fatigue  detection  wires  were  attached 
to  the  ends  of  the  beads  of  the  bonded-beaded  panels  where  stress  concentrations  were  suspected.  The 
Insulated  copper  wires  were  connected  to  a  warning  light  circuit  which  switched  off  in  case  of  circuit 
interruption  due  to  fatigue  failure  in  the  bead  ends.  This  simple  device  proved  to  be  of  significant  yalui 
in  the  failure  inspection  procedure.  When  multiple  fatigue  failures  occurred  or  the  sise  of  the  cracks 
became  extenaive,  the  panel  waa  removed  and  replaced  by  a  wooden  dummy  panel  to  maintain  an  identical  acous¬ 
tic  environment  for  the  remaining  test  specimens. 

TEST  RESULTS 

The  test  results  presented  include  mode  shapes,  damping  ratios,  llrearity  data,  power  spectral 
densities  for  sound  pressure  and  strain  as  well  as  fatigue  life. 

The  panel  nxides  for  the  dominant  resonant  frequencies  for  the  bonded-beaded  panels  are  ahovn  in 
Figure  10.  The  mode  shapes  for  the  U.igher  frequencies  resulted  in  complicated  patterns  which  were  not 
well  defined. 
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figure  io.  hooss  for  bonoed-braded  mm 
table  iv  rakping  ratios  of  tub  bonoko- beaded  panels 


mu  i 

TTFS 

«! 

TYPE  m 

FREQUENCY 

DAMPING 

PANEL 

mocsici 

DAMPING 

PANEL 

FREQUENCY 

DAMPING 

8s 

RATIO 

8s 

ratio 

8s 

RATIO 

US 

,0083 

A 

142 

.0078 

A 

10S 

.0116 

143 

,0X20 

1.81 

.0138 

m 

.006* 

164 

.0086 

?26  ■ 

,0062 

125 

.0X10 

176 

•01S4 

m 

.OOS4 

1?A 

.0016 

8 

133 

0064 

220 

.0091 

230 

.0070 

its 

.0104 

173 

.0086 

s 

104 

.on* 

134 

.0141 

222 

.0050 

US 

.0X30 

132 

.0114 

28J 

.0070 

125 

.0110 

m 

.0137 

1*5 

.0089 

164 

.0079 

w 

13§ 

.0090 

165 

.cm 

m 

,0114 

153 

.0090 

212 

.0075 

196 

.0091 

168 

.0066 

252 

.005* 

211 

.0066 

i?6 

,0038 

>28 

.0092 

226 

.0040 

166 

.0038 

3se 

.0063 

322 

.0031  . 

c 

m 

,0180  • 

336 

.0060 

123 

.ono 

138 

,0072 

192 

.0033 

D 

126 

.0139 

0 

102 

.0186 

233 

.0044 

133 

.0036 

no 

.0091 

142 

.0123 

192 

,0073 

102 

,0091 

156 

.0070 

132 

.0133 

173 

.0101 

E 

ICO 

.0232 

149 

.0067 

125 

.0100 

142 

.0092 

e 

136 

.on? 

200 

.0088 

196 

.0036 

146 

,0103 

326 

.0092 

136 

.0064 

136 

.0127 

223 

.0067 

164 

.0100 

279 

.005* 

186 

.0067 

193 

.0062 

The  damping  ratios  for  ali  bonded-beaded  panels  are  Hated  in  Table  IV,  The  average  ratios 
are  approximately  the  same  for  the  panels  Type  I  and  II  and  slightly  higher  for  the  Type  HI  panels,  Tyni- 
Figure3linSB  ttUrVS8  ‘°r  Ch*  bol*ied-be<ided  P4nela  with  the  same  bead  and  akin  material  gage  are  shown  in  * 


FICifRK  11.  TYPICAL  RESPONSE  FOR 
SONOg&-8EADEO  PANELS 
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ctiures  !N  !*1  tor  sh«  »°««4  and.  strains  assured  are  given  .in 

..gurea  U  and  13.  The  test  data  far  these  panel*  are  suasariaed  in  Table*  V,  VI  and  VII.  U  addition  to 

n  U'T  *****  pr*a*ttre  level-  »'«**  Ufa,  the  location  where  the  initial 
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TABLE  VI.  STRESS  RESPONSE  AND  FATIGUE  DATA  FOR 
BONDED-BEADED  PANEL?  TYPE  II  (FIGURE  1) 
BEAD  LENGTH  21.0  IN,  PANaL  SKIN  .020  IN, 
BEAD  SKIN  .045  IN  THICK 
:  STRAIN-CAGE  LOCATIONS  GIVEN  IN  FIGURE  7 


PANEL  OVERALL  SPECTRUM  STRESS  STRESS  PRINCIPAL  STRESS  STRESS  ZERO  LIFE  FAILURE 
N?  SPL  LEVEL  LOO . I  LOP . 2  STRESS  LOC.4  LOC.5  CROSSINGS  106  LOCATION 


dB 

dB 

PSI 

PSI 

PSI 

PSI 

PSI 

sec-1 

CYCLES 

A-l 

157.0 

131.4 

1748 

889 

2268 

1090 

’  213 

3.067 

Pane’  Si  In 

B-1 

158.0 

130.2 

1423 

760 

1771 

1372 

246 

1.771 

Panel  Skin 

C-i 

157.5 

132.4 

1603 

799 

1769 

-1250 

212 

2.671 

Panel  Skin 

D-l 

158.0 

128.3 

1546 

792 

1754 

233 

3.355 

Panel  Skin 

E-l 

157.5 

128.8 

1413 

96.3 

161-t 

1059 

187 

2.693 

Panel  Skin' 

A- 2 

152.5 

129.4 

*.243 

567 

1578 

917 

259 

22.610 

Panel  Skin 

8-2 

153.5 

128,9 

1120 

655 

n_2 

1258 

310 

21.204 

Panel  Skin 

C-2 

152.5 

130.1 

1190 

578 

1302 

lOOo 

256 

17.510 

Prnei  Skin 

D-2 

153.5 

126. 9 

1410 

687 

1583 

613 

193 

13.201 

Panel  Skin 

E-2 

152.0 

127.9 

1040 

702 

1208 

771 

265 

18.126 

Panel  Skin 

A- 3 

151.5 

128.1 

1090 

692 

1291 

1259 

1122 

211 

12.154 

Edge/Bead  Edge 

B-3 

151.0 

128.9 

1040 

641 

1331 

944 

944 

258 

18.576 

Panel  Skin 

C-3 

150.0 

129.4 

1010 

649 

1248 

■35 

613  ’ 

210 

34.020 

Edge 

D-3 

151.5 

126.0 

1075 

576 

1238 

410 

247 

64,467 

Edge 

L-3 

150.5 

127.9 

926 

673 

1194 

866 

570 

315 

40.824 

Panel  Skin 

A-4 

149.5 

126.4 

895 

440 

1241 

817 

121 

119.375 

Edge 

B-4 

.150.0 

125.1 

841 

533 

994 

794 

221 

>140. 

No  Failure 

C-4 

149.0 

126.9 

882 

438 

1003 

398 

199 

108.355 

Bead  Edge 

D-4 

150.0 

129.9 

894 

531 

1033 

771 

216 

>140. 

No  Failure 

E-4 

150.0 

124.9 

796 

513 

904 

562 

194 

116.679 

Edge 

TABLE  VII  STRESS  RESPONSE  AND  FATIGUE  DATA  FOR 
BONDED-BEADED  PANELS  TYPE  III  (FIGURE  I) 

BEAD  LENGTH  27.0  IN,  PANEL  SKIN  .032  IN, 

BEAU  SKIN  .032  IN  THICK 
STRAIN-GAGE  LOCATIONS  GIVEN  IN  FIGURE  7 


PANEL 

NR 

OVERALL 

SPL 

dB 

SPECTRUM 

LEVEL 

dB 

STRESS 

LOC.l 

PSI 

STRESS 

I.OC.2 

PSI 

PRINCIPAL 

STRESS 

PSI 

STRESS 

LOC.4 

PSI 

STRESS 

LOC.5 

PSI 

ZERO  LIFE 

CROSSINGS  106 
SEC'1  CYCLES 

FAILURE 

LOCATION 

A-l 

160.8 

135.6 

2289 

2.U8 

4167 

4467 

133 

.954 

Bead  Edge 

B-1 

162.2 

132.4 

2372 

1603 

3806 

4340 

344 

1.193 

Bead  Edge 

C-l 

159.8 

136.9 

2454 

1973 

4164 

1995 

229 

1.076 

Bead  Edge 

D-l 

161.0 

133.4 

1929 

2511 

4201 

.3072 

182 

.642 

Bead  Edge 

E-l 

160.0 

N/A 

2919 

2289 

4864 

N/A 

N/A 

N/A 

Bead  Edge 

A-2 

155.8 

128,1 

2985 

1778 

4  386 

3350 

3.36 

3.024 

Bead  Edge 

B-2 

156.8 

>29.6 

2511 

1188 

3298 

3652 

307 

1.382 

Bead  Edge 

C-2 

156.0 

128.9 

2441 

1334 

3330 

2371 

330 

8.118 

Bead  Edge 

D-2 

154.8 

128.1 

2371 

1778 

3840 

.3072 

341 

1.637 

Bead  Edge 

E-2 

153.5 

125.6 

2239 

1679 

3517 

3548 

434 

4.088 

Bead  Edge 

A- 3 

151.5 

122.9 

1939 

1180 

3087 

3073 

234 

5.476 

Bead  Edge 

B-3 

151.8 

125,4 

1508 

686 

220.3 

1333 

340  > 

no. 

No  Failure 

C-3 

150.8 

124.4 

1372 

1290 

2502 

2175 

25? 

34.064 

Edge/Bead  Edge 

D-3 

150.0 

124.1 

1350 

1259 

2059 

1778 

253 

45.540 

Edge/Bead  Edge 

E-3 

150.0 

122.1 

1700 

1429 

3177 

.1778 

265 

34.344 

Edge 

A-4 

147.0 

124.6 

1334 

1000 

2039 

1454 

143 

5.663 

Edge 

B-4 

148.5 

126.9 

708 

178 

1213 

972 

596 

163 

34.328 

Edge 

C-4 

147.0 

124.9 

772 

631 

1294 

771 

160 

112.704 

Edge 

D-4 

146.0 

123.6 

1000 

818 

1876 

841 

.130 

58.500 

Bonding  Failure 

E-4 

146.2 

121.9 

1841 

501 

1432 

1155 

250 

76.875 

Edge 
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FIGURE  16.  OVERALL  SOUND  PRESSURE 
LEVEL  VERSUS  LIFE  FOR 
BONDED-BEADED  ?f "ELS 
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FIGURE  17.  PRINCIPAL  AND  EDGE  STRESS 
VERSUS  FATIGUE  LIFE  FOR 
BONDED-BEADED  PANELS  TYPE  II 
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The  mode  shapes,  damping  ratios  and  response  linearity  of  the  skin-stringer  panels  Type  I  are 
shown  in  Figure  IS,  Table  V1IJ.  and  Figure  19.  The  power  spectral  densities  of  the  sound  pressure  and  the 
strain  response  are  plotted  in  Figure  20. 


Table  IX  summarises  the  test  data  for  these  panels.  The  majority  of  failures  occurred  in  th« 
proximity  of  a  rivet  line  as  shown  in  Figure  21.  The  fatigue  life  of  the  panels  versus  overall  sour 
pressure  level  is  plotted  in  Figure  22.  It  should  be  noted  that  the  scatter  in  life  for  these  panel:,  .s 
cunsiderably  less  than  that  shown  for  the  other  configurations. 

For  the  skin-stringer  panel  Type  II  the  mode  shape  is  shown  in  Figure  18,  the  damping  ratio  in 
Table  X,  the  linearity  in  Figure  19  and  the  sound  pressure  and  strain  response  power  spectral  density  plots 
in  Figure  23.  Finally,  the  test  data  arc  tabulated  in  Table  XI  and  shown  in  Figure  24.  The  failure  mode 
observed  was  primarily  located  at  the  stress  concentration. 
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FIGURE  18.  MODES  FOR  SKIM-STRINGER  PANELS 


TABLE  VIII  DAMPING  RATIOS  OF  THE  SKIN-STRINGER  PANELS 
TYPE  I 


EQUENCY 

DAMPING 

PANEL 

FREQUENCY 

DAMPING 

PANEL  FREQUENCY 

DAMPINC 

Ha 

RATIO 

He 

RATIO 

Hz 

RATIO 

108 

.0186 

C 

129 

.0337 

E  127 

.0303 

163 

.0184 

138 

.0243 

139 

.0288 

176 

.0199 

149 

.0252 

152.5 

.0229 

191 

,0157 

164 

.0198 

173.5 

.0245 

203 

.0160 

183 

.0224 

124 

.0351 

223.5 

.0161 

193 

.0197 

147 

.0187 

205 

.0171 

163 

.0190 

D 

131 

.0259 

193 

.0233 

148 

.0186 

164 

.0183 

III  t 

130 135  1«  145 


OIK  SOUND  PRESSURE  IN  PSI 


150  0/ A  SOUND  PRESSURE  UVCL 

IN  <1 


FIGURE  19.  TYPICAL  RESPONSE  FOR  THE 
SKIN-STRINGER  PANELS 
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FIGURE  20.  POWER  SPECTRAL  DENSITY  OF  SOUND  PRESSURE  AND  STRAIN  SE,'FONSE 
FOR  SKIN-STRINGER  PANEL  TYPE  I 

TABLE  IX  STRESS  RESPONSE  AND  FATIGUE  DATA  FOR 
SKIN-STRINGER  PANELS  TYPE  I  (FIGURE  3) 


STRAIN-GAGE  LOCATIONS  GIVEN  IN  FIGURE  7 


PANEL 

OVERALL 

SPECTRUM 

STRESS 

STRESS 

PRINCIPAL 

EDGE 

ZERO 

LIFE 

FAILURE 

NR 

SPL 

LEVFL 

LOC  I 

LOC  2 

STRESS 

STRESS 

CROSSINGS  106 

LOCATION 

dB  . 

dB 

PS1  . 

PS  I 

PS  I. 

PSI 

: SEC”1 

CYCLES 

A-l 

154.5 

128.1  - 

2152 

632 

2532 

2085 

129 

2.438 

Rivet  Line 

R-l 

155.0 

126.9 

2519 

673 

3097 

2294 

126 

1.678 

Rivet  Line 

C-l 

154.1 

128.6 

2718 

455 

3308 

2156 

176 

2.344 

Rivet  Line 

D-l 

155.0 

121.6 

2184 

705 

2479 

2482 

164 

1.535 

Edge  Line 

55-1 

154. 8 

121,1 

1883 

894 

2559 

2085 

179 

1.675 

Edge  Line 

A- 2 

151.0 

123.7 

1267 

518 

1966 

1348 

183 

5.600 

Rivet  Line 

B-2 

151.6 

124.0 

1560 

606 

1988 

1685 

160 

4.896 

Rivet  Line 

C-2 

150.7 

123.0 

1.496 

442 

2131 

1706 

194 

14.783 

Rivet  Line 

D-2 

151.4 

126.8 

1694 

.  65> 

2230 

1595 

132 

1.980 

Rivet  Line 

E-2 

151.2 

126.0 

1627 

787 

2593 

1703 

143 

5.285 

Rivet  Line 

A- 3 

148.9 

121,5 

787 

427 

1092 

1269 

xSl 

22.806 

Rivet  Line 

B-3 

149.4 

120.8 

1332 

416 

2342 

1179 

148 

9.324 

Rivet  Line 

C-3 

.148.5 

120.9 

938 

548 

1696 

1429 

186 

23.436 

Rivet  Line 

0-3 

149.6 

124.8 

1087 

556 

1843 

1528 

129 

9.422 

Rivet  Line 

E-3 

149.3 

124.5 

556 

320 

809 

1258 

135 

17.010 

Rivet  Line 

A-4 

147.1 

120.0 

1140 

1040 

1770 

772 

164 

22.532 

Rivet  Line 

B-A 

147.6 

119.5 

1110 

312 

1460 

1122 

132 

86.288 

Rivet  Line 

C-A 

146.4 

119.0 

846 

320 

1041 

728 

182 

>130. 

No  Failure 

D-A 

147.5 

117.7 

1438 

392 

1842 

N/A 

142 

32.546 

Rivet  Line 

E-A 

147.4 

113.7 

1150 

274 

1482 

>94 

152 

25.855 

Rivet  Line 

FIGURE  21.  RIVET-LINE  FAILURES 
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TABLE  XI  STRESS  RESPONSE  ANT)  FATIGUE  DATA  FOR 
SKIN-STRINGER  PANELS  TYPE  II  (FIGURE  4) 
STRAIN-GAGE  LOCATIONS  GIVEN  IN  FIGURE  7 


PANEL  . 

OVERALL 

SPECTRUM 

STRESS 

STRESS 

EDGE 

ZERO 

LIFE 

FAILURE 

NR 

SPL 

LEVEL 

LQC.l 

LOC.2 

STRESS 

CROSSINGS 

10* 

LOCATION 

dB 

dB 

PSX 

PSI 

PS1- 

SEC-1 

CYCLES 

Al-1 

156.5 

127.5 

3100 

5260 

404 

21.80 

Side  Bay 

A2-1 

153.0 

126.0 

3320 

5650 

390  . 

2.34 

Stress  Cone. 

BI-1 

157,5 

122.0 

2070 

3520 

450 

41.30 

I« 

B2-1 

157.8 

130.0 

3160 

4870 

5370 

422 

9.12 

•  11 

Cl-X 

155.5 

129,0 

2260 

3840 

4's: 

39.70 

It 

C2-1 

156.7 

126.5 

2650 

4500 

417 

25.50 

•  1 

Dl-1 

157.2 

129.5 

4350 

7400 

384 

1.84 

»* 

D2-1 

156.2 

124.5 

5680 

9650 

196 

.71 

II 

El-1 

157.0 

129.0 

4070 

5309 

6920 

359 

5.17 

** 

E2-1 

155.0 

129.5 

3100 

5260 

363 

2.18 

It 

Al-2 

154.0 

125.9 

3100 

1 995 

5270 

408 

6.61 

M 

A2-2 

155.2 

128.4 

3700 

6290 

394 

5.67 

II 

Bl-2 

154.4 

127.4 

2550 

4330 

424 

7.63 

M 

B2-2 

155.4 

127.6 

2750 

4097 

4660 

422 

5.57 

-1 

Cl-2 

153.3 

126.6 

3900 

6620 

410 

6.64 

l» 

C2-2 

154.3 

124.6 

N/A 

2985 

N/A 

N/A 

N/A 

II 

Dl-2 

153.3 

129.4 

4550 

7240 

330 

1.76 

.  .  11 

D2-2 

154.6 

129.0 

4800 

2738 

8150 

376 

.90 

II 

El-2 

154.5 

126.4 

2550 

2054 

4330 

436 

16.50 

Side  Buy 

E2-2 

153.0 

N/A 

1600 

N/A 

N/A 

N/A 

No  Failure 

Al-3 

149.5 

121.0 

2020 

3430 

408 

115.00 

Stres-  Cone. 

A2-3 

149.5 

123.0 

3150 

5350 

37? 

23.80 

Bl-3 

151.0 

123.5 

1600 

2720 

435 

265. 

No  Failure 

B2-3 

150.5 

123.0 

2430 

4130 

409 

53.00 

II 

01-3 

149.5 

123.0 

2670 

4540 

351 

19.60 

II 

C2-3 

149.5 

120- 5 

1900 

3240 

416 

108.00 

l<  ' 

Dl-3 

149.0 

122.5 

2220 

3770 

369 

27.90 

Side  Bay 

D2-3 

IjO.O 

123. U 

2550 

4330 

377 

76.70 

Stress  Cone, 

El-3 

150.0 

121.5 

2490 

4240 

366 

87.30 

It 

E2-3 

143.5 

122.5 

3510 

5960 

295 

16,50 

.11 

Al-4 

155.1 

125.0 

1460 

2480 

448 

N/A 

No  Failure 

A2-4 

155.1 

127.9 

2700 

4570 

418 

18.30 

Stress  Co--.'. 

Bl-4 

156.4 

129.4 

2840 

4830 

386 

.28 

S.C./Sidet  flay 

B2-4 

156.1 

129.1 

4480 

764Q 

370 

.42 

Stress  Gone. 

Cl-4 

154.4 

127.1 

2690 

4570 

398 

1.32 

l>  ’ 

C7.-4 

155.2 

126,4 

.2.650 

4340 

.422 

10.10 

l» 

Dl-4 

154.9 

128.9 

3770 

6400 

372 

.27 

*1 

D2-4 

N/A 

N/A 

2860 

4860 

396 

2.02 

El-4 

155.5 

127.4 

2600 

.  4610 

420 

36,50 

M 

E2-4 

153.3 

N/A 

N/A  • 

N/A 

N/A 

N/A 

Side  Bay 

Stress  Cone.  *  Stress  Concentiation 


NOTE:  The  fixture  of  Figure  6  was  modified  for  these 
testa,  each  panel  opening  could  accomodate 
two  10.5  X  24.0  panels,  designated  1  and  2 
e.g. ,  for  Location  A,  Panels  AI  and  A2. 


F1GU  K  24.  OVERALL  SOUND 
PRESSURE  LEVEL 
VERSUS  LIFE  FOR  . 
THE  SKIN-STRINGER 
PANEL  TYPE  II 
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COMPARISON  OF  TEST  RESULTS  WITH  STRESS  AND  LIFE  ESTIMATES 

The  test  data  were  compered  with  estimates  obtained  from  procedures  given  in  References  1,  2  and 
the  AGARS  AG-162  and  ESDU  AF-17C,  "^Terences  7  and  8.  Reference  1  contains  the  or:ly  applicable  prediction 
method  for  the  bonded-beaded  panels.  The  estimated  and  measured  edge  stresses  are  compared  in  Figure  25. 
The  comparison  indicates  that  the  design  chart  in  Reference  1  predicts  conservative  values  for  the  edge 
stress.  The  measured  nominal  stress  values  are  within  a  factor  of  2,5  relative  to  the  values  predicted, 
however,  the  fatigue  life  predictions  are  considered  to  be  not  omparable  with  the  experimental  data  pre¬ 
sented  in  this  paper.  This  may  be  in  part  due  tot  (1)  differences  in  structural  details  which  may  intro¬ 
duce  different  s-tress  concentrations  in  the  panels  from  hose  which  existed  in  the  specimens  on  which  the 
referenced  design  chart  was  based,  and  (2j  the  limited  number  of  specimens  used  in  the  Reference  1  program. 
These  factors  could  resujtt  in  large  differences  iri  fatigue  life. 

The  stresses  and  fatigue  lives  obtained  for  the  skin-stringer  panels  Type  I  are  compared  in 
Figures  26  and  27  with  the  estimations  based  on  the,  methods  published  in  References  2,  7  and  8.  This  com¬ 
parison  shows  that  the  rati-  between  measured  and  estimated  stress  ranges  from  .4  to  2.0.  The  agreement 
between  the  results  obtained  with  both  stress  prediction  methods  and  the  measured  data  is  considered  very 
good  4.  • .  '  ' 

The  ratio  between  measured  and  estimated  fatigue  life  for  t,.e  skin-stringer  panel  Type  I  varies 
from  approximately'  1  to  100,  As  these  tests  were  generally  conducted  at  low  stress  levels,  large  varia¬ 
tions  in  life  resulting  from  small  variations  in  stress  should  be  expected.  Both  fatig1  a  life  prediction 
methods  yielded  shorter  life  times  than  the  experimental  data. 

A  corresponding  comparison  between  estitarced  and  measured  stress  for  the  skin-stringer  Type  II 
panels  is  demonstrated  in  Figure  28.  The  same  prediction  methods  as  far  the  first  series  of  skin-stringer 
panels  were  used  as  a  basis  for  comparison.  The  ACARB  method  predicted  stress  values  in  agreement  with 
the  prediction  contained  in  Reference  2.  A  comparison  of  the  fatigue  life  of  these  panels  with  estimated 
values  was  not  practical  since  most  failures  occurred  at  stress  concentrations  which  are  not  directly  con¬ 
sidered  in  the  prediction  methods. 


FIGURE  26.  COMPARISON  BETWEEN  ESTIMATED 
AND  MEASURED  STRESS  FOR  SKIN-: 
STRINGER  PANEL  TYPE  I 


PI  CURE  25.  COMPARISON  BETWEEN  ESI  MATED 
AND  HUSUKEt)  STRESS  POR  THE 
ft  WOES-  BEADED  PANELS 
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FIGURE  27.  COMPARISON  BETWEEN  ESTIMATED 
AND  MEASURED  LIFE  FOR  SKIJi- 
STRINOER  PANEL  ufi  I 


FIGURE  28.  COMPARISON  BETWEEN  ESTIMATED 
AND  MEASURED  STRESS  FOR  SKIN- 
STRINGER  PANELS  TYPE  II 


CONCLUSIONS 


Th*  sonic  fatigue  Rat*  presented  In  this  paper  verify  and  extend  design  information  for  which 
-nly  United  data  existed  and  substantiation  uas  needed.  The  nusshur  of  test  aoctcinann  need  in  this  program, 
a«  veil  a*  the  closely  controlled  acoustic  conditions,  justify  a  high  confidence  level  in  the  result*. 

The  failure  locations  of  the  handed-headed  panels  are  veil  defined  at  overall  excitation  sound 
pressure  level*  above  ISO  d&  and  occur  either  at  the  bead  edge  or  in  the  skin  depending  on  the  twin  of 
skin  to  bead  saterial  gage.  Balov  chi*  excltattou  level  the  failure  locations  feveosc  le»*  defined  but 
occur  prndosainaotly  at  the  panel  edge  close  t<-  the  acsachsent  bolts. 

■'.oqpared  on  a  weight  per  area  basts  of  1  Ib/ft-,  the  bended-beaded  panels  do  not  offer  signifi¬ 
cantly  longer  fatigue  life  than  the  sklo-atringer  panel*,  How-evar,  the  panel  depth  is  considerably  less 
for  she  bonded-beaded  panel*,  a  factor  which  nay  ae  of  isspottance  where  space  Unit. at tons  exist- 

Available  design  methods  were  well  substantiated  a*  fay  strew*  predict  lofts  are  concerned . 
tut*  i*  particularly  true  for  the  *slo-st  ringer:  sinn-iMs  which, proved  applicable  to  .c»nveni .tonal 

lightweight  sktn-striogcc  design  with  seat-rigid  supporting  structure  as  well  as  design  with  a  rigid  back¬ 
up  struct -ife. 

Tt;e  sires*  p-edietloh*  for  the  bended- headed  panels,  aa  pv-h 1 1 shed  in  Sefeyenee  1,  were:  confirmed* 
however,  tie  fatigue  life  predictions  were  not.  verified  and  will  require  updating  of  the  present  design, 
chart*.  The  fatigue  lift  prediction  methods  for  the  conventions!  kUin-strlnger  panels  given  in  Seferwacoe 
2  and  8  wore  supported  by  the  test  results. 

The  .test  spsclacos  were  ssacufactured  v  .-r  observance  of  the.  ctwnonly.vesd  aircraft  saowUc.tut- 
ins  and  inspection  specifications.  Therefore,  the  fatigue  failure*  and  'lifetime*  obtained  .-h-ivald  he 
indtcatis-e  of  the  variability  In  life  to  be  expected  unde*  service  coadtiibna. 
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It*  f  I 


SESSION  6  DISCUSSION  -  ASSESSMENT  OF  TEST  METHODS 


Hr.  Phillips  explained  that  his  printed  paper  only  contained  the  test  results  which  had  been 
obtained  up  to  the  time  of  submission  of  the  paper.  Later  information  was  included  in  the  oral 
presentation.  He  was  questioned  about  the  non  symmetrical  mode  shapes  predicted  by  the  finite 
element  analysis.  He  replied  that  there  was  a  slight  variation  in  the  stiffener  spacing  and  that 
the  stiffeners  themselves  were  unsyametrical  (s  section).  These  two  effects  had  been  taken  into 
account  in  the  finite  element  analysis  with  the  result  that  an  unsytaaetrical  mode  shape  similar 
to  that  measured  was  predicted.  He  consented  on  the.  fact  that  al chough  the  Ballantyne  method 
predicted  the  lowest  stresses,  it  also  predicted  the  lowest  endurance.  Taking  the  complete 
Ballantyne  or  ESDI)  procedure  gives  similar  results  for  life  estimates.  He  also  said  that  a 
damping  ratio  of  0.017  (independent  of  frequency)  had  been  used  in  the  estimates.  Dr.  Head  pointed 
out  that  the  wave  group  theory  could  be  used  for  a  structure  having  a  finite  nueher  of  bays. 


DVII-1 


GENERAL  DISCUSSION  AND  WORKSHOP  MEETING 


The  workshop  meeting  expanded  on  several  points  which  were  raised  in  the  general  discussion 
session  and  therefore  to  avoid  repetition  and  to  present  a  more  systematic  development  of  the  material 
covered,  the  main  points  raised  in  the  two  sessions  are  combined  in  the  following  section. 

Loading  Actions 

From  the  fatigue  paint  of  view  it  is  important  to  know  the  time  history  of  the  loads  on  the 
structure.  With  random  loads  such  as  those  arising  from  jet  noise  or  separated  flow  the  appropriate 
measure  of  the  magnitude  is  the  r.m.s.  pressure.  Experience  on  the  rear  structure  of  current  aircraft 
has  shown  that  the  first  pare  of  the  take  off  run  when  the  engines  are  at  full  thrust  generally  makes 
the  greatest  contribution  to  the  sccunwlation  of  damage.  Strain  measurement  and  subsequent  damage 
history  have  shown  that  the  same  is  also  true  of  engine  intake  structure.  In  these  cases  the 
duration  of  high  levels  is  usually  loss  than  one  minute  per  take  off. 

It  W3s  pointed  out,  however,  that  where  separated  flow  can  occur  under  certain  flight  conditions 
Chen  significant  contributions  to  the  accumulation  of  damage  can  occur.  In  these  cases  the  duration 
can  he  much  greater  than  that  associated  with  a  typical  take  off.  In  soma  military  aircraft  con¬ 
figurations  high  noise  levels  can  occur  during  some  flight  conditions.  These  possibilities  emphasise 
che  need  for  a  realistic  measurement  of  typical  r  m.s.  strain  time  histories  for  typical  missions. 

The  calculations  and  measurement  on  vertical  take  off  aircraft  have  shown  that  the  sound  pressure 
levels  in  the  structure  can  be  increased  considerably  by  the  effect  of  ground  reflections.  It  was 
suggested  that  the  estimation  procedure  developed  by  Dr.  Scholten  should  be  used  to  provide  estimates 
for  comparison  with  the  VAK  191  measurements. 

Response 

t  ,e  majority  of  the  analytical  approaches  to  calculating  the  response  of  structures  to  random 
pressure  loads  the  formulation  has  been  based  on  the  normal  mode  method.  In  the  recent  developoontB 
reported  at  this  symposium  the  finite  element  displacement  method  has  been  used  to  compute  the  normal 
nodes  of  the  structure.  Because  of  the  large  n usher  of  normal  modes  in  the  acoustic  frequency  range 
in  practical  structures,  *  lively  simple-  piece  of  structure  has  usually  been  modelled.  Sub¬ 
structure  analysis  has  been  used  successfully  to  compute  the  eigenvaluns  and  eigenvectors  of  acre 
complicated  structures  but  the  computing  cost*  increase  rapidly  as  the  complexity  of  the  structure 
increases.  Professor  tfittrick  described  a  new  method  (1),  which  he  had  developed  from  his  work  on 
the  analysis  of  the  buckling  of  flat  and  curved  stiffened  plates.  This  is  similar  to  the  finite 
element  method  but  like  the  transfer  matrix  method  it  gives  an  exact  solution.  It  hat)  the 
advantage  that  it  can.  determine  the  number  of  eigenvalues  in  any  given  frequency  range  and  so  a  more 
economical  us •,  of  computer  time  can  be  arranged. 

In  the  finite  element  computation?  the  forcing  function  can  he  represented  by  the  crocs  cone- 
lation  function  of  the  pressures ,  Satisfactory  estimate*  of  this  function  con  be  made  In  the  cast 
of  near  field  jet  noise  ami  boundary  layer  pressure  fluctuations.  The  work  described  in  the  papers 
by  One  and  Wes t ley  indicate  -suitable  approximations  whlcn  can  be  used  for  impinging  jets  and 
separated  flows. 

Dr. -Mead  described  the  development  of  a  new  theoretical  approach  based  on  the  vsvo  group  theory. 

If  the  structure  is  periodic  U.e.  an  assembly  of  many  identical  elements  such  aa  platov  and  equally 
spaced  stiffener*  or  ribs)  a  closed  fora  solution  to  the  response  to  a  travelling  wave  excitation 
field  can  he  obtained.  The  formulation  gives  tlx*  solution  for  the  total  response  directly  rather  than 
in  the  fom  of  the  response  in  cad)  'f  a  very  large  husber  of  normal  tixxdo* .  It  also  gives  a  bettor 
physical  unde  r&  v  and  ing  of  the  travelling  wave  motion  which  can  bo  set  up  in  structures  excited  by 
acoustic  pressure  fields.  The  method  con  be  codified  to  give  en  approximate  solution  for  the  case 
of  non  uniform  spacing  of  stiffener*,  the  bound*  on  the  frequencies  of  each  type  of  mode  can  bo 
obtained  exactly.  This  method  has  boon  used  in  the  AGARU  data  sheets  on  Aeouscie  Fatigue  lor 
stiffened  panels.  A  further  development  was  described  by  Mr.  Ab  rah  arts  on  in  which  «  Rayleigh  Kits 
approach  is  used  to  determine  the  predominant  features  of  the  fundamental  element  in  the  periodic 
structure.  This  method  allows  the  designer  to  use  shape  functions  based  on  past  experience  with 
similar  stt  cturcs  or  even  the  results  of  resonance,  tests  to  obtain  the  response  of  the  structure  to 
a  travelling  wave  excitation.  A  good  approximation  to  the  exact  aoiution  is  obtained  with  a  relatively 
lev  asiT'tyfd  shape  functions.  'lore  recent  developments  arc  using  the  transfer  tutrix  method  and  the 
finite  element  method  to  establish  the  properties  of  the  fundamental  eleewnt  of  the  periodic  structure. 

The  offset  of  static,  in-plane  stresses  was  discussed.  It  was  considered  that  this  could  have  n 
significant  effect  on  the  dynamic  stresses.  In  the  take  off  cose  the  static  stresses  will  usually  be 
small  at  the  titw  of  high  dynaaic  loads  unless  thermal  effect*  in  VTOL  configuration*  or  high  static 
pressures  in  externally  Mown  flap  configurations  give  rise  to  in-plane  static  stresses.  RoSults 
from  teats  on  one  convent!  nal  aeroplane  showed  that  the  frequency  of  the  predominant  s»>de  changed 
only  s  few  Hi  iti  going  from  ground  to  flight  conditions.  One  company  hopes  to  carry  out  some  tests 
with  a  hot  structure,  and  another  company  is  planning  tests  on  integrally  machined  skin  structure 
with  in-plane  loads.  Professor  Wittrick  (2)  described  the  results  of  some  of  hi*  work  which  shews 
that  the-  frequency  change  due  to  in-plano  stresses  is  given  by 


where  n  is  the  new  frequency,  n  is  the  frequency  without  in-plane  stress,  o  is  the  in-plane 
stress,  o  is  the  density  of  the  material  and  X  is  the  wavelength  of  the  mode  of  vibration  being 
considered.  It  was  concluded  that  more  experimental  work  was  needed  on  this  topic. 

The  uesign  procedure  proposed  in  the  Data  Sheets  for  the  skins  of  box  type  structures  was 
discussed.  The  main  reason  for  the  reduction  in  stress  in  the  skin  is  that  the  generalised  mass  of 
the  structure  is  increased  by  a  factor  of  2.5  to  3  because  both  skins  and  the  internal  rib  structure 
vibrate  when  sound  impinges  on  one  skin.  It  was  pointed  out  that  the  load  carrying  factor  of  the 
rib  web  would  affect  the  distribution  of  vibration  energy  in  the  structure  and  might  affect  the 
stress1  reduction  obtained  in  the  skins. 

The  next  question  discussed  was  the  effect  of  acoustic  loads  on  unusual  structural  designs. 
Particular  structures  of  interest  are  the  composite  materi.  used  for  engine  duct  liners,  doubly 
curved  skew  panels  and  S  duct  structures  in  intakes.  No  specific  solutions  could  be  offered  although 
it  was  felt  that  finite  element  methods  could  be  used  in  the  last  two  cases.  A  parametric  study 
could  be  done  by  the  finite  element  method  but  this  would  be  very  expensive  if  a  reasonably  useful 
range  of  parameters  were  to  be  included.  Some  work  has  already  been  done  on  the  development  of  a 
suitable  element  for  use  in  doubly  curved  structures  but  there  are  no  experimental  data  or  analytical 
results  available  to  chock  the  accuracy.  Mr.  Holehouse  reported  that  he  had  carried  out  tests  on 
20  specimens  of  sound  absorbing  structural  design  in  a  progressive  wave  tube.  The  structure  was  of 
sandwich  construction  with  a  perforated  face  sheet  and  1  .»  2  in.  deep  cores.  The  core  depth  was 
based  on  acoustic  criteria.  If  there  was  good  detail  design  of  the  bondim.  and  the  edge  connections 
there  was  not  likely  to  be  any  failure  at  sound  le/els  lower  than  about  ltiu  dB. 

The  accuracy  which  might  be  expected  in  any  comparison  of  theory  with  experiment  was  discussed. 

It  was  pointed  out  that  the  wide  variation  in  damping  provided  one  limit  to  .he  accuracy  which  might 
be  expected.  In  this  case  the  errors  may  not  be  as  high  as  appears  at  first  sight  because  the 
r.m.s.  stress  is  inversely  proportional  to  the  square  root  of  the  damping  ratio.  The  response  to 
boundary  layer  pressure  fluctuations  on  a  supersonic  vehicle  generally  shows  a  marked  increase  in 
the  transonic  region.  This  is  because  there  can  be  an  order  of  magnitude  •-hange  in  the  aerodynamic 
damping  in  this  flight  regime. 

It  was  also  pointed  out  that  the  manufacturing  tolerances  on  sheet  thickness  would  also  lead  to 
variation  in  results.  These  tolerances  are  usually  unsymnwtric ,  i.e.  +102,  -52.  It  was  recommended 
Chat  skin  thicknesses  should  be  measured  in  any  control  tests  on  response.  Several  tests  should  be 
carried  out  on  nominally  identical  structures.  The  multiple  regression  analysis  described  in 
Mr.  Holehouse's  paper  was  based  on  16  test  panels. 

The  discussion  highlighted  a  difference  of  opinion  on  the  strain  variation  at  the  centre  of  honey¬ 
comb  panels.  Some  evidence  suggests  that  the  effect  of  the  unsymme trieal  edge  fixing  is  to  give 
stresses  on  the  inner  face  which  are  greater  than  those  on  the  outer  face  by  a  factor  of  2  to  2.5. 

Other  workers  had  not  noticed  such  a  difference  and  failure  experience  did  not  suggest  that  such  large 
differences  were  common.  It  was  agreed  to  check  this  point  in  future  tests  on  honeycomb  structure. 


Test  Panel 

The  discussion  on  the  response  of  structures  to  random  acoustic  loading  showed  that  there  are 
many  uncertainties  in  the  test  procedures  which  'ould  be  lending  to  discrepancies  between  the  estimated 
and  measured  results.  It  was  reported  that  in  one  case  nominally  identical  test  specimens  had  given 
different  results  in  different  progressive  wave  tubes.  Ir  was  therefore  proposed  by  Hr.  Nnlb  that  a 
systematic  comparison  of  the  different  test  facilities  and  test  techniques  should  hr  made.  This  uould 

bo  aimed  primarily  at  those  who  had  suppliod  data  on  which  the  Data  Sheets  were  based.  It  was 

suggested  that  this  could  be  done  by  having  a  test  structure  representative  of  typical  stiffencu  i^ln 
design  practice,  which  couid  be  p.;  sod  from  laboratory  to  laboratory.  This  would  have  the  essential 
strain  gauge  instrumentation  installed  and  each  laboratory  in  turn  would  be  asked  to  carry  out  their 
’standard'  test  simulating  a  given  jet  noise  spectrum.  They  uould  also  be  asked  to  analyse  the  strain 

data  using  their  normal  data  acquisition  and  ana!  vs  is  system.  It  was  also  suggested  chat  a  final 

cheek  could  bo  made  by  subjecting  the  panel  to  a  real  ju:  noise  environment. 

In  parallel  with  this  experimental  stuc.y  it  was  suggested  that  the  different  analysis  methods  t>c 
used  to  estimate  the  response  Thus  the  finite  element  method  could  be  cotqiared  with  the  wave  group 
theorv,  transfer  matrix,  and  Wiicrick  method. 

Many  "erbers  of  the  symposium  agreed  in  principle  with  this  proposal  but  in  further  discussion  many 
difficulties  were  foreseen.  When  si mi  nr  exercises  have  been  tried  in  other  fields  the  results  have  not 
been  entirely  satisfactory  although  relatively  major  discrepancies  have  come  to  light.  If  all  went 
well,  it  would  take  a  long  time  for  the  spect  vn  to  complete  the  rounds  of  the  facilities.  There  was 
also  the  question  of  finance.  It  was  thoup.ht  that  each  laboratory  might  be  prepared  to  fund  its  own 
direct  involvement  but  this  could  no<  be  guaranteed. 

In  rdor  to  carry  thi  ;  one  step  further  forward,  Mr.  1  lb  agroed  to  circulate  an  outline  proposal  on 
the  design  of  the  test  panel  an-'  tho  tvoo  of  test  to  ho  conducted.  If  there  was  then  sufficient  inteMiSf 
to  justify  proceeding,  a  final  agreed  proposal  could  be  dravm  up  and  the  individual  ’ abc? -cteri**  consider 
it  as  part  of  their  own  program*:  f  v>rU. 


DVIi-3 


Fatigue  Aspects 

Definition  and  detection  of  failure 


Considerable  discussion  took  place  on  the  methods  of  defining  fatigue  failure.  Several  physical 
changed  take  place  in  the  structure  with  the  onset  of  fatigue  failure  but  these  are  often  difficult 
to  identify  in  their  early  stages.  The  same  problem  exists  in  classical  fatigue  but  in  practice  it 
may  not  '  e  so  important  because  of  the  rapid  growth  of  the  fatigue  crack. 

In  coupon  type  specimens  there  is  usually  a  change  in  frequency  and  an  increase  in  Jamping  just 

before  a  crack  can  be  determined  from  a  visual  inspection.  In  some  tests  a  2X  change  in  frequency 
can  be  used  to  define  failure,  whereas  in  others  a  10£  change  is  used.  Unfortunately,  built-up 
structures  are  not  likely  to  exhibit  so  markeo  a  frequency  change  because  the  change  in  local  stiffness 
in  the  region  of  the  crack  will  be  insignificant  compared  with  the  stiffness  of  the  remaining  uncracked 
structure. 

The  use  of  dye  penetrant  to  detect  cracks  was  mentioned.  However,  several  meshers  objected  to 
this  because  of  the  deleterious  effect  of  the  dye  on  the  structure  and  because  it  was  very  insensitive. 
Another  suggestion  was  that  failure  should  be  defined  as  the  point  at  which  the  static  strength  of  the 

component  had  been  reduced  by  155!.  Whilst  there  was  general  agreement  with  this  idea,  it  was  felt  that 

in  most  cases  it  was  impractical  to  check  the  static  strength  at  regular  intervals  during  the  service 
life.  It  was  finally  conceded  by  the  majority  that  at  present  the  only  possible  definition  of  failure 
which  could  be  used  generally  on  built-up  structures  was  the  point  at  which  a  visible  (to  the  naked 
eye)  crack  appeared.  In  a  written  contribution,  Mr.  Earatta*  pointed  out  that  this  definition  uas 
conservative  because  it  neglected  the  signif’cant  additional  life  left  in  the  structure  during  the 
crack  propagation  phase.  He  went  on  to  suggest  that  the  fracture  mechanics  approach  be  used  to  predict 
the  behaviour  during  the  crack  propagation  phase  and  hence  determine  a  more  realistic  fatigue  life. 

(This  aspect  of  crack  propagation  was  mentioned  in  Mr.  Kirkby's  paper  -  Ed.). 

Of  the  relatively  new  methods  becoming  available  for  failure  detection,  the  stress  wave  emission 
technique  has.  been  used  successfully  by  one  worker  in  this  field.  Initial  tests  have  shown  conclusively 
that  a  marked  change  in  the  emission  takes  place  just  before  a  crack  is  visible  to  the  naked  eye. 

As  a  final  contribution  to  this  part  of  che  discussion  it  was  pointed  out  that  the  S-M  curve  was 
very  flat  in  the  acoustic  fatigue  stress  range.  Thus  if  a  crack  goes  undetected  at  one  inspection 
and  is  then  picked  up  an  hour  or  even  a  day  later  there  will  be  little  difference  in  the  position  of 
that  data  point  on  the  $-K  curve.  This  aspect  brought  forward  the  strong  suggestion  from 
Professor  Schjive  chat  ve  should  work  to  a  safe  stress  level  in  order  to  produce  a  satisfactory  design 
rather  than  do  a  cumulative  damage  computation  on  a  curve  which  showed  considerable  scatter. 


Fatigue  Testing 

Coupon  tests  were  considered  to  be  a  satisfactory  way  in  which  to  build  up  information  on  the 
fatigue  strength  of  typical  joint  configurations.  The  stress  should  be  random  (narrow  band  ranees* 
being  acceptable)  but  the  wave  form  would  haw.  to  be  truncated  to  cut  out  the  rare  very  large  peaks. 

A  truncation  point  of  about  .1,2  times  the  r.ta.s.  value  was  considered  to  be  adequate.  Mr.  feayerdArfer 
considered  that  the  test  data  should  specify  the  probability  .distribution  which  had  actually  been 
uced.  In  particular  the  distribution  of  the  higher  peaks  should  be  measured  mi  quoted.  Ceeq<ariaon 
of  the  coupon  test  result*  with  results  frets  representative  built-up  structure*  should  be  made  to 
assess  the  accuracy  of  the  structural  simulation  achieved  by  the  coupon. 

Acoustic  tests  were  considered  to  he  an  essentia'  feature  of  any  t  dt  programs*?  of  proof  testing. 
However,  the  cserswty  used  electro-pneumatic  transducer  (siren)  and  progressive  wave  tube  have  been 
shown  to  give  misleading  results  in  tome  eases.  There  cast  be  inferences  iu  the.  response  level  in 
identical  structures  tested  in  different  progressive  wave  tube*.  There  cats  even  he  di  <v‘erence«  if  a 
different  acoustic  dtiver  is  used.  Vith  certain  configurations  of  structural  specimen  and  duct  there 
CAn  be  high  dating  in  the.  lower  frequency  range  due  to  the  radiation  of  acoustic  energy  down  th*  duct. 
A  comparison  between  siren  and  open  air  jet  tests  i*  being  made  (see  paper  by  Mr.  Phillips)  which 
should  help  to  clarify  this  problem. 

Mr.  Bayerddrfer  proposed  a  test  procedure  which  could  be  used  to  similar*  high  intensity  noise 
levels  vith  a  relatively  small  acoustic  source.  An  initial  search  is  carried  out  at  e  low  sound  level 
to  determine  the  predominant  nodes  of  vibration  and  their  natural  frequencies.  These  «re  then 
excited  separately  by  *  narrow  band  of  noise  at  a  level  eqvial  e-  the  spectrum  level  of  the  actual 
environment  to  be  simulated  and  th-  responses  in  the  several  predominant  modes  are  added  to  obtain 
the  total  response  to  th*  complete  environment.  The  fatigue  test  is  then  set  up  so  as  to  stovlate  the 
response  in  the  most  critical  part  hy  exciting  one  «wde  with  a  narrow  band  of  noise,  it  is  usually 
Possible  to  find  a  suitable  mode.  1st  the  simulation  if  is  essential  to  ensure  that  the  nsd*er  cf  sere 
crossing*  of  tho  strain  waveform  in  the  narrw  band  test*  is  equal  to  the  nusher  in  the  broad  band 
environment. 

An  additional  test  procedure  to  obtain  very  high  dynamic  pressures  is  the  use  of  a  call  jet  »s 
suggested  by  Professor  RIbner.  Several  design*  on  this  principle  have  hern  cade  but  little  operating 
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experience  has  been  gained  to  date,'  -  ' 

A  more  complete  environmental  sitrsjlacion' ssav  he  needed  jor  'sow  structures'.  The  I.ockhead 
(Sunnyvale)  facility  was  mentioned  as  an  example  ol:  this  type  of  combined  thermal,  acoustic  and 
vibration  environmental  test,  th  cases  where  the  interaction  of  the  structure  with  th£  fluid  flow 
is  important  it.  is  not  possible  to  use  these  typ-as  of  facilities^  The  correct  daitpiag  in  -tve 
transonic  range  can  only  be  achieved,  in  wind  runnel  tesja. 
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